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Abstract

A new bio-based epoxy curing agent from hempseed oil was prepared in this study. The chemical structure of the curing
agent was confirmed by infrared spectrometry and nuclear magnetic resonance. Soybean oil-based epoxy resin was cured
with a hempseed oil-based green curing agent to prepare a series of sustainable coatings under eco-friendly conditions. The
reaction of epoxy resin with anhydride groups reacted without a catalyst. The prepared sustainable coatings showed excellent
scratching and adhesion resistance. In addition, the coating showed self-healing properties via dynamic transesterification
bonds between the epoxy and anhydride groups. The corrosion resistance of the sustainable coatings is investigated using
electrochemical measurements. It revealed that the materials have strong anti-corrosion performance. Hence, these coatings
can be used as a green alternative for encapsulation-based corrosion protection systems. Furthermore, the produced materials
could be used as a VOC-free coating system.

Graphical abstract

A catalyst-free and environmentally friendly method was developed for the preparation of epoxy materials. The creation
of bio-based epoxy hardener agents using greener techniques is a significant issue. The development of fully sustainable
materials from non-edible vegetables is an attractive strategy to minimize the risk to human health and the environment.
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and natural feedstock such as cellulose, chitosan, chitin,
lignin, and vegetable oils (VOs) are promising alternatives
to petroleum resources [2]. In recent years, VOs have had an
attractive role in the development of bio-based materials [3].
VO-based materials have been prepared as composites with
the incorporation of organic and inorganic particles or poly-
mers (polyamides, polyurethanes, polyesters, and epoxies of
VOs) [4]. Because of their high availability and inexpensive
cost, these materials have already been used as paint, coat-
ing, lubricant, surfactant, and food proposes [5]. Soy, castor,
coconut, cotton, palm, sunflower, olive, and hemp seed oils
are the most common sources of VO.

Hemp seed oil, soybean oil, and castor oil have various
fatty acids containing unsaturated aliphatic alkyl chains
[6]. The fatty acids of VOs have been modified from the
double-double bond of unsaturated aliphatic alkyl chains
[7]. Epoxidized-VOs are generally prepared by functionali-
zation of double-double bonds using oxidizing agents at a
wide range of epoxy content The epoxy modification enables
the curing process with further cross-linking. Therefore, the
mechanical and chemical properties of the final material can
be improved [8].

Epoxidized-VOs can be cross-linked with anhydrides, ali-
phatic diacids, and amine cure agents to generate thermoset
VO-based materials [9]. The reaction of epoxy with anhy-
dride can undergo two pathways; with a catalyst and without
a catalyst. The use of catalysts is generally preferred to pre-
vent prolonged curing times for achieving higher cross-link-
ing efficiency. It is known that high-performance material
property is related to high cross-linking density. However,
vegetable-based systems exhibit low cross-linking density.
To overcome this situation, epoxidized-VOs are blended
with petrochemical-based resins [10-12].

The mobility of cured epoxy chains is limited due to
a stable cross-linked network. The stable network causes
restrict repairability of material. Therefore, the service life
of the coatings is reduced and the replacement time of the
coating is shortened [13]. Altuna et al. prepared a new ther-
moset material composed of epoxidized soybean oil and
citric acid. The resulting material exhibited self-healable
properties at 160 °C [14]. In another study, Liu et al. syn-
thesized rosin-based thermoset hydrogels having dynamic
covalent bonds [15]. Some dynamic covalent bonds such
as imine, hydroxyl-ester, Diels—Alder, and disulfide provide
the repairability of coating. Dynamic hydroxyl-ester bonds
are the best-approved linkage for epoxy-anhydride and
epoxy-acid systems. Internal epoxy groups of epoxidized-
VO are less reactive compared to terminal epoxy groups.
Therefore, the epoxidized-VO shows low polymerization
efficiency with amine cure agents [10]. In addition, the by-
product can be formed during the reaction of epoxy and
amine [11]. Catalyst-free grafting of dynamic transferra-
ble mono-esterified cyclic anhydrides into epoxy networks
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provides re-processability and rapid stress relaxation. Liu
et al. studied network re-arrangement of the bisphenol A
epoxy DER 331 with cyclic anhydride [16]. Yang et al. pre-
pared innovative self-healable materials from epoxidized
soybean oil and rosin derivative-fumaropimaric acid using
zinc acetylacetonate as a transesterification catalyst [17].

In this study, we synthesized cyclic anhydride modified-
hempseed oil (HOMA) by the reaction of hempseed oil (HO)
and maleic anhydride. The vegetable-based polyester coat-
ing materials were prepared with HOMA and epoxidized-
SO (ESO) in one-step method without using any solvent
or catalyst. The structural characterization of HOMA was
investigated by infrared spectroscopy and nuclear magnetic
resonance spectroscopy (NMR). The thermal properties of
the cured coating and films were monitored by gravimetric
analysis and differential scanning calorimetry (DSC). The
mechanical properties of the films were characterized by
tensile tests. The coating properties of the materials such
as contact angle, hardness, scratch resistance, flexibility,
and adhesion were also tested. In addition, the self-heal-
ing and anti-corrosion properties of the cured films were
investigated.

2 Experimental section
2.1 Materials

Epoxidized soybean oil and maleic anhydride (99%) was
supplied by Sigma-Aldrich. Hempseed oil (HO) was pro-
vided by a local market.

2.2 Synthesis of maleinized hempseed oil (HOMA)

Maleinization of HO was adapted from the literature proce-
dures [18-20]. A three-neck round flask was equipped with
a reflux condenser and a nitrogen gas atmosphere. 100 g of
HO was charged into the flask and the temperature was grad-
ually raised from 180 to 220 °C for 2 h. 10 g of maleic anhy-
dride was added into the flask in pieces for 2 h. The mixture
was further stirred for 1 h at 220 °C. Finally, the flask was
cooled down to room temperature. To remove unreacted
maleic anhydride, the mixture was diluted with cold diethyl
ether and washed with water three times. Diethyl ether was
evaporated via a rotary evaporator and dried under a vac-
uum. The reaction pathway is shown in Scheme 1.

The maleinization degree was found by measuring the
acid number with the following equation:

Acid number = (56.01 X V X ¢)/m,

where V and c are the volume and concentration of the KOH
standard solution and m is the mass of HOMA.
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Scheme 1. Maleinization of hempseed oil

2.3 Preparation of films

The compositions of fully bio-based were prepared with
anhydride/epoxy ratios 1, 1.2, 1.5, and 2. The curing formu-
lations at different ratios of ESO and HOMA were prepared
in a beaker without adding any catalyst. After homogeni-
zation, the beakers were placed in an oven to remove air
bubbles. Each formulation was placed into Teflon® molds
(10 mm x50 mm X 1 mm). In addition, the temperature grad-
ually increased from 60 °C to the cure temperature of each

Scheme 2. The reaction pathway of HOMA and ESO

sample in the air. The codes of the prepared films were asso-
ciated with the anhydride/epoxy ratios as HOMA-ESO-1,
HOMA-ESO-1.2, HOMA-ESO-1.5, and HOMA-ESO-2.
The reaction pathway is shown in Scheme 2.

2.4 Characterization

The chemical structures were identified by FTIR (Per-

kin—Elmer Spectrum 100 ATR-FTIR Spectrophotometer)
and 1H-NMR (Mercury-VX 400 MHz Spectrometer)

o
HO
N

HOMA-ESO thermoset network
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spectroscopies. The coating properties were measured by
the corresponding standard test methods as indicated. These
include crosscut adhesion (DIN 53151), pendulum hardness
(DIN 53157), and Erichsen test (DIN53156). Thermogravi-
metric analysis (TGA) of the films was performed by Perkin
Elmer STA6000. SEM images of the films were analyzed on
Philips XL30 ESEM-FEG/EDAX. DSC measurements were
performed using Pyris Diamond DSC. The mechanical prop-
erties of the films were determined using Zwick Z010 Uni-
versal Tensile Tester with a crosshead speed of 10 mm/min.
The contact angle measurement of the cured coatings was
measured with Kruss Easy Drop DSA-2. The surface energy
of the coatings was calculated. Three solutions used were
water and ethylene glycol as polar solvents and iodometh-
ane as a dispersed solvent. Corrosion tests were conducted
according to our previous work [21].

3 Results and discussions
3.1 Structural analysis

HOMA was prepared by reacting HO and maleic anhy-
dride. The product was characterized via FTIR and 'H-
NMR spectroscopy techniques. Figure 1 shows the FTIR
spectrum of HO and HOMA. The characteristic peaks at
3005 and 722 cm™! are attributed to the double bond of
fatty oil. The peaks at 2920, 2852, and 1460 cm™! corre-
spond to CH- stretching in the HO. The band at 1742 cm™!
is attributed to C=0 stretching. After the grafting of maleic
anhydride, the characteristic anhydride peaks at 1800, 1780,
and 921 cm™! were observed. The carbonyl peak of HO
was observed at 1736 cm™'. The peaks at 1224, 1155 and

Fig.1 FTIR spectra of HO and
HOMA

%T

1070 cm™! are due to the C-O stretching of maleic anhydride
[20]. The peak at 1162 cm™! is attributed to the bending of
the C—H group of the anhydride ring [22].

The NMR spectra of HO and HOMA are given in Figs. 2
and 3. The peaks at 4.0-4.2 ppm are the methylene protons
of the glycerol unit in HO (Fig. 2). The methylene protons
of double bonds were observed at 5.1-5.3 ppm. The peaks
at 2.0-2.3 ppm were attributed to methylene protons on HO.
In the NMR spectrum of HOMA (Fig. 3), the protons of the
two methylenes in the maleic anhydride ring appeared at
2.5-3.0 ppm. Furthermore, the methylene protons between
two double bonds completely disappeared [4]. These results
show that maleic anhydride groups grafted on HO chains.

3.2 Compositions of films

The fully bio-based films were prepared by epoxy-anhydride
polymerization with a non-catalyzed process. Hydroxyl
groups of ESO initiate the un-catalyzed reaction through an
attack on the anhydride group of HOMA and produce the
polyester chains with an active carboxyl end group. The free
carboxyl groups react with epoxy groups and then epoxy
groups react with another epoxy group [23]. Generally, most
of the epoxy-anhydride cure systems based on epoxidized
vegetable oil are often blended with petrochemical-based
epoxy systems due to inadequate cross-linking density. Com-
mercial epoxy resin is generally used for 60% of the total
amount [10]. Therefore, bio-based content is reduced in the
final product. For this study, the fully bio-based films were
prepared from vegetable-based oil derivatives; ESO, and
HOMA with an un-catalyzed process.

The films were prepared with anhydride/epoxy ratios 1,
1.2, 1.5, and 2. On the other hand, the fully cured film could
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Fig.2 '"H-NMR spectra of HO
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Fig.3 'H-NMR spectra of
HOMA
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not be prepared with a molar ratio of less than 1. Homopoly-
merization of epoxy occurs at insufficient anhydride content
at high temperatures, and epoxy resin disintegrates [24, 25].

The exothermic curing profiles of the fully bio-based
films were investigated (in Fig. S1). All samples exhibited a
single exothermic peak in the range of 97 and 135 °C. The
peaks shifted to lower and higher cure temperatures with
the ESO content.

On the other hand, the fully bio-based films showed high
gel content of 87-93% (Table 1). The high gel content indi-
cates that the epoxy-anhydride system is well cured. With
the increase in the ESO ratio, the gel content declined from
93 to 87. This is probably due to the steric hindrance effect
of longer carbon chains of ESO [26].

T T 1
30 0S5 0.0

Table 1 Contact angle and surface free energy of the coatings

Samples Water (°)  Diio- Surface
domethane energy
©) (mN/m)

HOMA-ESO-1 (HOMA2) 86 50 334

HOMA-ESO-1.2 (HOMA4) 85 37 33.0

HOMA-ESO-1.5 (HOMAS5) 83 40 34.8

HOMA-ESO-2 (HOMA1) 82 33 394

Figure 4 shows the FTIR spectra of all films. For HOMA-
ESO-1 and HOMA-ESO-1.2, the characteristic anhydride
peaks at 1853 and 1780 cm™' disappeared. However, a new
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Fig.4 FTIR spectra of cured
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carbonyl ester peak occurred at 1735 cm™!. The formation
of the ester peak and the disappearance of anhydride peaks
indicate that the anhydride and epoxy groups are fully con-
nected. For HOMA-ESO-1.5 and HOMA-ESO-2, the anhy-
dride carbonyl peaks disappeared. Furthermore, the ester
carbonyl was observed at 1735 cm™!. The anhydride/epoxy
molar ratio increased to 1.5 and 2, and pendant carboxylate
groups were observed at about 1710 cm™". Excess anhydride
groups further cannot react with epoxy groups in the epoxy-
anhydride system. Therefore, ester carbonyl is dominant in
the molar ratio 1 and 1.2. In contrast, carboxylate groups are
more dominant in the molar ratios 1.5 and 2.10.

3.3 Surface properties of the coating

The surface properties of the coatings were investigated by
contact angle and surface free energy measurements. The
results are shown in Table 1. In addition, the water contact
angle images are presented in Fig. S2. The wettability of
the cured materials is affected by the content of ESO. As
can be seen, the contact angle decreased with an increasing
amount of ESO. The anhydride/epoxy mixing ratio is larger
than 1, increasing the number of polar groups on the surface
of the films. As known, polar groups decrease the contact
angle of a coating [27, 28]. The surface polar groups led to

Table 2 The physical properties of the cured coatings

2400 2000 1800 1600 1400 1200 1000 800 600 380,0

a decrease in hydrophobic character. Therefore, the surface
energy values of the coating increase. Generally, silicone,
fluorine oligomers, and surface roughness cause a decrease
in oleophobic character [29].

3.4 Physical properties of the coating

The physical properties of cured coatings are presented in
Table 2. The scratch resistance of the cured coatings was
evaluated by the pencil hardness test. The scratch resistance
of the coatings is SH except for HOMA-ESO-1.

The results of the crosscut adhesion test showed that the
formulations well adhered to metal surfaces. HOMA-ESO-1
showed a high pendulum hardness (42 s~!) value in compari-
son to other samples. As can be seen, the concentration of
ionic groups on the surface affects hardness [30].

Furthermore, a tea and coffee test was performed on the
coating surface. The tea and coffee were first applied to the
coating surface in small pools and in contact with the coat-
ing for 24 h at room temperature. Tea and coffee pools do
not affect the coatings.

Erichsen cupping test values of the cured coatings
are presented in Table 2. The cupping test is a meas-
ure of flexibility under pressure. The Erichsen cupping
shows the elongation in mm. There is a relation between

Samples Gel content (%) Pencil hard-  Cross-cut Pendulum hard-  Tea and coffee effect Erichsen cup-
ness ness (s™1) ping test (mm)
HOMA-ESO-1 87 2H 0 42 No effect 8.2
HOMA-ESO-1.2 91.3 S5H 0 32 No effect 8.8
HOMA-ESO-1.5 91.1 S5H 0 30 No effect >8.8
HOMA-ESO-2 93 SH 0 28 No effect 8.0
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flexibility and the cupping test [31, 32]. As can be seen
from Erichsen cupping results, the cured coatings showed
high flexibility and were linearly related to pendulum
hardness results. HOMA-ESO-1.5 is the most flexible
(> 8.8 mm) and the other samples are also flexible. The
Erichsen cupping test digital images of the cured coatings
are shown in Fig. S3.

3.5 Thermal analysis of coatings

The thermal property of the fully bio-based films was
investigated via thermal gravimetric analysis (TGA). The
TGA curves are given in Fig. S4. All samples showed a
single-step degradation curve between 300 and 480 °C,
which is related to the degradation of the main backbone.

Tg values of the cured films are 17, 14, 6, and 5 °C for
the HOMA-ESO-1, HOMA-ESO-1.2, HOMA-ESO-1.5,
and HOMA-ESO-2 samples, respectively. T, of the cured
films decreased as the molar ratio of the anhydride group/
epoxy group was further increased to> 1 since there are
not enough epoxy groups in the system to fully consume
the carboxyl groups. The amount of free carboxyl groups
increases with decreasing ESO content. As a result of
lower cross-linking density, the polymer network exhibits
a lower T, value [16]. T, values of the studying systems
based on epoxidized vegetable oil were reported ranging
from — 5 to 65 °C [33].

3.6 Mechanical properties of coatings

The detailed data on tensile properties are presented in
Table 3. Vegetable oil thermoset materials generally show
low modulus values. For example, Webster et al. prepared
soybean oil-based thermosets with the 1.38 and 0.22 MPa
modulus [34]. For this study, the cross-linked films
exhibited low modulus and high elongation at break as
expected. Young’s modulus of the cured films had close
to each other. However, the elongation at the break of the
film tends to increase. Generally, as the structure of the
film softened, the elongation increased [35].

3.7 Self-healing performance of the coating

The self-healing performance of films was investigated. The
cured films are entirely cut into two parts using a blazer
blade. Then the two parts of the film were re-adhered by
subsequently pressed at 140 °C for 4 h. Flexible films turn
out to be rigid materials. Young’s modulus of the self-heal
films drastically increased. However, elongation at break
decreased. This change is most probably due to forming of
strong ester bonds. Carboxyl groups in the cross-linked net-
work structure should have some catalytic impact. Therefore,
a transesterification reaction occurred [16, 36].

The self-healing performance of the cured films was fol-
lowed by SEM analysis. The fractured surfaces of the film
samples can be seen in Figs. 5 and 6. As can be seen from
Fig. 5, two parts completely adhered to each other at the
interface. The new ester bonds produced during the curing
process of ESO and HOMA in the resulting cross-linked
network. The cured film exhibited self-healable properties
due to the dynamic transesterification reaction of the ester
bonds in the cross-linked network and hydroxyl groups of
ESO [37].

3.8 Morphological analysis

The miscibility of ESO and HOMA components with each
other in all ratios was confirmed by SEM images. SEM
images from the surfaces of the films are shown in Fig. S5.
Hempseed and soybean oils are homogeneously dispersed
within each other without phase separation. This may be
related to the plasticizer effects of oils.

3.9 Corrosion performance

The corrosion resistance of the fully bio-based films was
evaluated by the potentiodynamic polarization method using
the extrapolation method. Figure 7 and Table 4 show Tafel
plots of the film in NaCl solution and their results, respec-
tively. The results revealed that E__. values shifted towards
the higher value (more positive) and I, values are lower
with the increase in ESO content. Lower I and higher
E, values are common in promising anticorrosive coatings,

Table 3 Mechanical properties of the cured films before and after self-healing

Samples Before self-healing After self-healing
Modulus (MPa) Tensile strength ~ Elongation at Modulus (MPa) Tensile strength  Elongation
(MPa) break (%) (MPa) at break (%)
HOMA-ESO-1 0.67 0.25 49.17 222 0.95 26.42
HOMA-ESO-1.2 0.60 0.37 55.57 2.50 1.00 2422
HOMA-ESO-1.5 0.95 0.79 95.32 7.41 1.11 19.00
HOMA-ESO-2 0.96 0.22 97.03 27.70 0.94 14.37
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Fig.6 Digital and SEM images of HOMA-ESO-1.5

Fig.7 LSV curves of the
samples

Table 4 Corrosion potential (E,

of the samples
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Samples E,.. (mV) Loy (LA cm®)
HOMA-ESO-1 0.240 275107
HOMA-ESO-1.2 0.02 26910
HOMA-ESO-1.5 0.09 137102
HOMA-ESO-2 0.03 1.66 1072
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resulting in relatively low corrosion rates [38]. All the pre-
pared full bio-based films exhibited higher corrosion resist-
ance. The films show barrier properties and the barrier layer
is the transition of water and corrosive ions (such as Cl—)
dissolved [39-41].

The coated panels were immersed in 3.5% NaCl solution
for the salt-spray test for 14 days. The digital images of the
coating surfaces are shown in Supplement Fig. S6 after and
before. The coating showed good corrosion resistance. The
hydrophobic coating showed water-repelling properties on
the surface. The hydrophobicity of the coating surfaces also
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provides a barrier in the metal interface and inhibits the dif-
fusion of corrosive groups through the surface of the coating
[42]. The coatings continued self-healing properties after
immersion in the salt solution. The immersed panels were
again heated at 140 °C for 2 h in an oven.

4 Conclusion

HOMA-ESO-based thermosets were created through a green
pathway. The bio-based coatings and films were cured with
different stoichiometric ratios of epoxy-anhydride. The
materials exhibited high elongation at break and well flex-
ibility. The pendulum hardness values of the coatings are
between 28 and 42 s~!. The coating provided excellent cor-
rosion protection. Furthermore, the bio-based materials
showed self-healing properties via dynamic transesterifica-
tion reaction. The created coating materials reveal that it has
possible uses as a low-cost and VOC-free coatings system
when compared to previously described methods.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13233-023-00190-1.
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