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A B S T R A C T

Current epoxy industry still has a strong dependency on fossil-derived precursors as demonstrated in the use of
bisphenol A-based resins. To improve the sustainability of the epoxy industry, bio-based chemicals have been
explored for the synthesis of environmentally-friendly epoxy polymers. This paper reports the hydrophobization
of fully bio-based epoxy coatings using only water as solvent. Three bio-based additives (hexanoic acid, re-
sveratrol, and a cardanol-based epoxy resin) were studied aiming to enhance the hydrophobicity of the coatings.
The curing reaction mechanisms have been extensively explored. The modified coatings showed better hydro-
phobicity, however, they tend to possess a lower crosslink density because these additives have, to some extent,
disrupted the polymer network formation. The anticorrosion performance of the bio-based coatings was also
evaluated and discussed based on the reported hydrophobicity and crosslink density. This study lays a foun-
dation towards fully bio-based, environmentally-friendly polymers for hydrophobic applications in the future.

1. Introduction

The interest to use biomass-based compounds for the preparation of
polymers has increased rapidly in recent years due to growing demand
towards sustainability and environmental protection [1]. Traditional
polymers are mostly derived from non-renewable fossil source [2],
therefore, much effort is needed to design new polymers from bio-based
compounds.

To date, fossil-based compound bisphenol A (BPA) continues to be
the dominant raw material for the preparation of epoxy resins [3,4]. On
the other hand, great effort has been made to synthesize bio-based
epoxy resins from various sources such as lignin [5], vegetable oils [6],
cellulose [7] and terpenoid [8]. However, development of full bio-
based polymers remains a great challenge. Ideally, not only the epoxy
resin should come from bio-sources, but also the other reagents in the
overall formulation. This is particularly true when hydrophobicity is
required in a number of applications.

In this research, new polymers were prepared in which the epoxy
resin, curing agent and the hydrophobic additives were all derived from
biomass. The bio-based thermoset used in this study was prepared from
the epoxy resin diglycidyl ether of glycerol (GDE) and the curing agent
was citric acid (CA). To the best of our knowledge, this bio-based epoxy

formula has not been reported in literature [4,9–12]. GDE and CA have
been used separately in different epoxy formulae. GDE is a bifunctional
epoxy resin that can be obtained from glycerol, which is a byproduct of
the biodiesel industry [13–15]. However, the bio-based content of GDE
can be negatively affected by type of epichlorohydrin used. Although
epichlorohydrin can be obtained from bio-based glycerol, it is still
mostly produced from non-renewable sources. Nevertheless, GDE is still
an attractive bio-based chemical used in the synthesis of thermosets
[16–23]. CA is a tricarboxylic acid that can be industrially prepared
from sugar or from food and agricultural waste [24]. Although CA, as a
curing agent, suffers from the inconvenience of being a solid at normal
conditions, it has been used as a bio-based curing agent in the synthesis
of epoxy coatings [25–27]. Due to their molecular structures, thermo-
sets prepared by GDE and CA are hydrophilic. Therefore, hydrophobic
additives have to be added to improve the hydrophobicity when water
repellency is required.

Hydrophobic materials are well known for their ability to repel
water that makes them potential candidates for a series of applications
such as easy cleaning, anti-icing, and anticorrosion [28,29]. To improve
the anticorrosion performance of polymers derived from GDE and CA,
bio-based hydrophobic additives have to be incorporated. Potential
candidates for bio-based hydrophobizers include hexanoic acid (HA),
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trans-resveratrol (RV), and a bio-based resin NC-514S. HA or caproic
acid is an aliphatic carboxylic acid that can be obtained from certain
oils and from the fats of animals [30,31]. Although HA has been used as
pendent chains in the preparation of the branched polymers [32], no
reports have been found for its use as an additive in the synthesis of
epoxy thermoset. HA is expected to impart some degree of hydro-
phobicity due to its aliphatic chain. RV is a polyphenol that can be
extracted from grapes and peanuts [33–35]. The use of RV in the pre-
paration of thermosets is scarce [36–39]. Due to its low water solubility
(0.05 mg/mL) [40], RV may confer better hydrophobicity on GDE-CA
polymers. Finally, NC-514S is epoxy resin derived from cardanol which
is obtained from the cashew nutshell. NC-514S has been used in the
preparation of bio-based thermosets [41–43] or composites [44,45].
NC-514S was selected as a potential bio-based hydrophobizer in the
current study since a thermoset derived from NC-514S was proven to be
hydrophobic [46].

2. Experimental section

2.1. Materials

Glycerol diglycidyl ether (technical grade) (GDE), citric acid (CA)
and hexanoic acid (HA) (≥98%) were purchased from Sigma Aldrich.
The epoxy resin NC-514S (abbreviated as NC) was obtained from
Cardolite. Trans-resveratrol (98%) (RV) was purchased from S1-Lab
(Singapore). The molecular structures of the chemical used are shown
in Fig. 1.

2.2. Synthesis of the bio-based polymer coatings

This research focuses on studying the accumulative effect of po-
tential bio-based hydrophobizers (HA, RV and NC) on a basic epoxy
formulation made of GDE and CA. Therefore, five different formulae
were developed: two unmodified formulae (GDE-CA-0.90, GDE-CA-
0.73) and three modified formulae (GDE-CA-HA, GDE-CA-HA-RV, and
GDE-CA-HA-RV-NC) (Table 1). The three modified formulae were de-
veloped in order to understand how the accumulative incorporation of
bio-based additives influenced on the hydrophobicity of the polymers.

The amount of bio-based additives, HA, RV, and NC used in relation
with GDE was 15%, 9% and 1% w/w, respectively. The concentrations
of these bio-based additives were carefully selected after investigating
formulae with different concentrations of the bio-based additives. At
these specific concentrations, hydrophobic effect was achieved on the
basic formula of GDE and CA.

The molar ratio of epoxy groups of GDE to the carboxylic groups of
CA was 1:0.9 for GDE-CA-0.90 and 1:0.73 for the other four formulae.
Samples with molar ratios of GDE and CA higher than 1:0.9 were not
included in this research as the coatings were produced with various
surface defects. In addition, only the bio-based polymers with molar
ratio 1:0.73 (GDE : CA) were modified because at this ratio the bio-
based additives could be mixed homogeneously without any physical
segregation.

The preparation of the unmodified formulae (GDE-CA-0.9 and GDE-
CA-0.73) was done as follows. First, CA was dissolved in water in a mass
ratio of 1:1. The CA solution was then heated at 120 °C in an oil bath
under agitation for 10 min to remove around half of its water content to
enable a good quality coating in the subsequent process. Afterwards,
the hot CA solution was taken out of the oil bath and GDE was added
and mixed for about 10 min.

For the preparation of the modified formulae (GDE-CA-HA, GDE-
CA-HA-RV and GDE-CA-HA-RV-NC), the procedure to prepare the CA
solution was the same as described above. In preparing GDE-CA-HA, HA
and GDE were mixed first before being mixed with the CA. However, in
the preparation of GDE-CA-HA-RV and GDE-CA-HA-RV-NC, GDE was
initially mixed with RV (or RV and NC) and heated to 120 °C for about
10 min under constant stirring. Thereafter, the mixture was cooled
down at ambient condition and mixed with HA. The reason for such
processing procedure will be further explained later.

The final mixture was then poured on PTFE molds and stainless steel
substrates (0.25 mm thick). The coatings were cured at 150 °C for 2 h
with a heating and cooling rate of 0.5 °C/min, comprising around 10 h
for the curing cycle. The slow heating and cooling rate was chosen in
order to prevent the formation of surface defects on the coatings. The
films prepared on the stainless steel substrates were used for the mea-
surements of the wettability and corrosion tests. The samples prepared
in PTFE molds were used for the rest of the characterizations. All the
samples were analyzed immediately after their preparation.

2.3. Characterization

The epoxy equivalent weight (EEW) of the resins was obtained ac-
cording to the standard titration method described in ASTM D1652.
Two to four measurements were performed for each sample conditions.

Thermogravimetric analysis (TGA) was performed in a TGA Q500
(TA Instruments). Samples of about 8–12 mg were heated from room
temperature to 600 °C at 10 °C/min under nitrogen flow (60 mL/min).
Three measurements were conducted for each sample.

Differential scanning calorimetry (DSC) was carried out in a DSC
Discovery (TA Instruments). The solid samples with the weight of
around 7–11 mg were prepared in aluminum pans and heated three

Fig. 1. Molecular structure of the bio-based compounds used in this research:
GDE (glycerol diglycidyl ether), CA (citric acid), HA (hexanoic acid), RV (re-
sveratrol) and NC (a cardanol-based resin).

Table 1
Composition of the five epoxy resin formulae.

Sample Molar ratio of epoxy groups
(GDE) to carboxylic groups
(CA)

Bio-based additives (% w/w) with
respect to GDE

HA RV NC

GDE-CA-0.90 1:0.9 – – –
GDE-CA-0.73 1:0.73 – – –
GDE-CA-HA 1:0.73 15 – –
GDE-CA-HA-

RV
1:0.73 15 9 –

GDE-CA-HA-
RV-NC

1:0.73 15 9 1
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times sequentially from −70 to 200 °C at 10 °C/min under nitrogen
flow (50 mL/min). In order to remove the thermal history of the sam-
ples, the data of the last heating was used for the analysis. Three to five
measurements were carried out for each formulation. For the reactivity
tests, liquid samples with the weight around of 1–4 mg were prepared
in hermetic aluminum pans and heated from 25 to 250 °C at four dif-
ferent heating rates (5, 10, 15 and 20 °C/min). In this experiment, the
reported temperature is an average of two measurements.

The viscosity of the preheated samples was measured on a rhe-
ometer Discovery HR-3 (TA Instruments) configured in a parallel-plate
geometry with a 500-µm gap at 25 °C.

Fourier-transform infrared (FTIR) spectroscopy was performed in a
FTIR MIR/NIR Frontier (Perkin Elmer) in an attenuated total re-
flectance (ATR) mode for all the samples except for HA which was done
in transmission mode using KBr pellets. The wavelength range of the
analyses was 4000–600 cm−1 with a resolution of 4 cm−1 and 32 scan
accumulations. A baseline correction was done in all the spectra using
the software Spectrum (PerkinElmer).

The wettability of coatings was assessed in an OCA 20 goniometer
(Dataphysics) by measuring the static contact angles of 5 µL droplets of
three different liquids (DI water, glycerol and ethylene glycol). The
surface energy was calculated using the OWRK methodology [47–49]
using the software SCA 20 (Dataphysics).

Dynamic mechanical analysis (DMA) was carried out in a DMA
Q800 (TA Instruments) in a single cantilever mode with a deformation
amplitude of 15 µm at 1 Hz. The samples, prepared in rectangular
shapes (35 mm in length, 14.3 mm in width, and 2.6–3.6 mm in
thickness), were heated from −20 to 110 °C at a rate of 3 °C/min. At
least three measurements were performed for each sample.

Hydrogen nuclear magnetic resonance (1H NMR) spectroscopy was
carried out on a Bruker Advance 300 NMR spectrometer with tetra-
methylsilane as the internal reference and chloroform-d (CDCl3) and
dimethyl sulfoxide-D6 (DMSO-D6) as solvents under ambient tem-
perature. CDCl3 was used only for the sample NC while DMSO-D6 was
employed for the rest of the samples. NMR data were collected via
chemical shift (ppm, CDCl3 and DMSO-D6 resonance as the internal
standard), multiplicity and integration.

Fresh samples with rectangular shapes, similar to those prepared for
DMA, were soaked in DI water for water uptake measurements. The
weights of the samples were measured using an analytical balance be-
fore being soaked and daily during the water immersion test until a
water uptake equilibrium was achieved. The water uptake was reported
as the percentage increase with respect to the dry sample.

The anti-corrosion performance of the coatings was analyzed in an
electrochemical workstation (CHI 660d, Shanghai Chenhua Instrument
Corporation). The measurements were carried out in a 3.5% w/w NaCl
solution with Ag/AgCl and Pt as the reference and counter electrodes,
respectively. Coatings with an exposed area of 1 cm2 were soaked in the
electrolyte for 7 days before the electrochemical analysis. At least three
samples of each formulation were analyzed together with measure-
ments of their thicknesses by using a conventional digital micrometer.

3. Results and discussion

3.1. Curing of coatings

The EEW of GDE was 146 g/eq and the presence of the epoxy groups
was confirmed by the absorbance bands at 1254 cm−1 and 907 cm−1

that are related to epoxy ring vibrations[20,50] (Fig. 2). These epoxy
bands were not present in the spectrum of the bio-based coatings, which
would suggest a complete curing. However, a detailed inspection of the
spectrum showed that the epoxy bands could be overlapped by other
absorbance bands at the same wavenumber of the curing agent and
precursors. Therefore, it was not possible to measure the degree of
curing because of this overlapping. As it will be shown later, DSC was
employed to determine whether the curing reaction was complete or

not. In relation with the spectrum of the bio-based coatings, all the
samples had a characteristic band at around 1727 cm−1 that was at-
tributed to the carbonyl group originated mainly from the presence of
the curing agent CA [26]. In addition, samples containing RV showed a
small absorbance band at around 1515 cm−1, which was ascribed to the
aromatic C = C bond of RV [51].

To determine whether there was an unreacted compound within the
GDE coatings, DSC was performed as shown in Fig. 3. The DSC curves
only exhibited a glass transition point without trace of unreacted GDE.
Therefore, we consider all the bio-based coatings were cured com-
pletely. Finally, it is worth mentioning that samples tend to plasticize
when stored in humid conditions. A typical DSC curve of a plasticized
polymer usually displays a lower glass transition and an endothermic
process related to water desorption [52].

The reactivity of the curing reactions was analyzed by heating the
samples at different heating rates. Fig. 4 shows typical DSC curves of
the bio-based formulae. The curve displayed two characteristic peaks,
one exothermic at the beginning of the heating and one endothermic at
the end. In addition, some small endothermic peaks also occurred be-
fore the broad endothermic process. The exothermic process always

Fig. 2. FTIR spectra of the bio-based precursors (GDE, CA, HA and RV) and the
bio-based coatings.

Fig. 3. DSC curves of the solid bio-based samples.
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occurred in the beginning of the heating while the intensity, width and
position of the endothermic processes varied randomly. Therefore, due
to its consistent presence, we believe that the exothermic peak is as-
sociated with the reaction between the epoxy groups of GDE and the
carboxyl groups of the bio-based acid CA and HA. The small en-
dothermic peaks may be the result of the secondary reactions whereas
the broader endothermic peak is related to the water desorption prior to
the polymer decomposition.

The reactivity of the main exothermic peak was studied by calcu-
lating the temperature at the maximum heat flow (Tmax) for different
heating rates (Table 2). The results clearly showed a common trend in

the Tmax for all the heating rates. The lowest Tmax was found in GDE-CA-
0.90, followed by GDE-CA-0.73. The Tmax continued to increase when
HA was included. The Tmax was similar among formulae containing HA
(GDE-CA-HA, GDE-CA-HA-RV, and GDE-CA-HA-RV-NC).

The reaction of GDE and CA was more favorable when the con-
centration of the curing agent CA was higher. This suggests that CA is
not only acting as a curing agent but also as a catalyst. That is, an
autocatalytic reaction seemed to have occurred in the reaction of
epoxy-carboxyl reaction caused by CA. However, the sole inclusion of
HA (GDE-CA-HA) decreased the overall reactivity of the epoxy-carboxyl
reaction as shown by the higher Tmax. A possible explanation for this

Fig. 4. Typical DSC profiles of the liquid bio-based formulae: (a) GDE-CA-0.90, (b) GDE-CA-0.73, (c) GDE-CA-HA, (d) GDE-CA-HA-RV and e) GDE-CA-HA-RV-NC.
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result is that certain concentration of HA may have reacted with GDE
which has caused an increase in the Tmax. HA is expected to be less
reactive towards GDE than CA because of its lower acidity. The acidity
of the first two deprotonations of CA (pKa1 = 3.14, pKa1 = 4.76,
pKa3 = 6.39)[53] are higher than that of HA (pKa = 4.83)[54].
Therefore, due to its lower acidity, HA was expected to react with GDE
at a higher temperature than CA. Thus, the higher Tmax observed in
GDE-CA-HA can be ascribed to the effect caused by the reaction of HA
with GDE. In summary, these results suggest that in GDE-CA-HA both
CA and HA are simultaneously reacting with GDE.

The subsequent incorporation of RV and NC did not change the
Tmax, which suggests that neither RV nor NC has taken part in any
epoxy group reaction in the DSC experiment. Therefore, the exothermic
processes of GDE-CA-HA-RV and GDE-CA-HA-RV-NC were still attrib-
uted to the main reaction of GDE with CA and HA with no participation
of RV and NC under these experimental conditions. Further discussion
will be made next on how RV is incorporated into the polymer network.

3.2. Characterization of GDE-RV and GDE-RV-NC

In order to understand how RV and RV/NC were incorporated into
the polymer network, it is important to recall the methodology to
prepare GDE-CA-HA-RV and GDE-CA-HA-RV-NC. As described in the
experimental section, GDE was first mixed and heated with RV or RV/
NC before being mixed with CA and HA. The purpose of this experi-
mental step was to allow the solid RV to be dissolved in GDE first so that
a liquid mixture is formed that will allow the further addition of the
other liquid compounds. The mixture GDE-RV and GDE-RV-NC was
analyzed by NMR as shown in Fig. 5 a, b and compared with the spectra
of GDE, RV and NC in Fig. 6. It can clearly be seen that the spectrum of
GDE + RV is just a simple overlay by those of GDE and RV. In the
spectrum of GDE-RV, the peaks from 6.0 ppm to 10.0 ppm are from RV,
while those lower than 6.0 ppm correspond to GDE. Similarly, the
spectrum of GDE-RV-NC is almost the same as that of GDE-RV (Fig. 5c).
In addition, no characteristic peaks of NC were found in the spectrum of
GDE-RV-NC. This can be explained by the low concentration of NC (1%
w/w), which has made it hardly detectable.

Other characterizations were also performed for GDE-RV and GDE-
RV-NC. The titration results showed that EEWs of GDE-RV and GDE-RV-
NC were 181 and 191 g/eq, respectively. Therefore, the EEWs of GDE-
RV and GDE-RV-NC were similar to each other but higher than that of
GDE (146 g/eq). The higher EEWs of GDE-RV and GDE-RV-NC were
attributed to the dilution effect caused by the incorporation of RV and
RV/NC. Moreover, the viscosities of GDE, GDE-RV and GDE-RV-NC
were 1.33P, 4.17P and 4.33P, respectively. Thus, the higher viscosities
of GDE-RV and GDE-RV-NC (than GDE) were also ascribed to the pre-
sence of the bio-based additives RV and NC. To further assist the ana-
lysis, DSC profiles of GDE, GDE-RV and GDE-RV-NC were also obtained
from −90 °C to 300 °C, as shown in Fig. 7a. The DSC profile of GDE
showed a characteristic glass transition at −67 °C and exothermic
process around 150 °C. The glass transition exhibited by GDE

Table 2
Temperatures (°C) at the maximum heat flow (Tmax) of the exothermic peak at
different heating rates (values in parentheses represent the standard deviation).

Sample Tmax @5°C/
min

Tmax

@10 °C/min
Tmax @15 °C/
min

Tmax @20 °C/
min

GDE-CA-0.90 83.3 ( ± 0.6) 93.6 ( ± 0.8) 99.8 ( ± 0.9) 104.1 ( ± 0.9)
GDE-CA-0.73 88.1 ( ± 0.9) 99.1 ( ± 1.1) 105.0

( ± 0.8)
109.4 ( ± 1.1)

GDE-CA-HA 94.0 ( ± 0.2) 105.0
( ± 1.6)

111.4
( ± 1.1)

116.6 ( ± 1.8)

GDE-CA-HA-RV 92.2 ( ± 1.2) 104.0
( ± 2.1)

112.5
( ± 0.5)

116.3 ( ± 2.2)

GDE-CA-HA-
RV-NC

94.1 ( ± 1.9) 106.1
( ± 1.0)

113.6
( ± 1.0)

118.5 ( ± 1.8)

Fig. 5. 1H NMR spectra of (a) GDE-RV, (b) GDE-RV-NC and (c) GDE-RV and
GDE-RV-NC together.
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demonstrates that GDE is not a single molecule; rather it has an oli-
gomeric structure. A possible cause of the oligomeric nature of GDE
could be related to the synthetic methodology employed in the epox-
idation of glycerol. A typical epoxidation of an alcohol with epi-
chlorohydrin usually produces oligomers rather than an epoxy

monomer. This observation is also corroborated with higher EEW
(146 g/eq) of GDE in comparison with its theoretical EEW (102 g/eq).
On the other hand, the exothermic process can be attributed to the
presence of impurities as GDE is of technical grade. In contrast, GDE-RV
and GDE-RV-NC displayed a shift in the glass transition (-59 °C) and
some small endothermic peaks from 140 °C to 170 °C. The slightly
higher glass transition temperature may be a result of the higher en-
tanglement of GDE with RV and NC. The small endothermic peaks were
assigned to the presence of impurities or some unknown reactions.
However, it is worth mentioning that these small endothermic peaks are
not related to the melting of RV as it happens at around 270 °C
(Fig. 7b).

In summary, based on the NMR results (Figs. 5 & 6), RV has not
chemically reacted with GDE during the pre-curing step (120 °C,
10 min). In addition, since the analysis of the DSC thermographs
(Table 2, Fig. 4) suggested that the RV did not chemically reacted with
GDE during the heating ramp, some of the RV may have remained and
not covalently bonded to the polymer network in GDE-CA-HA-RV and
GDE-CA-HA-RV-NC. The lower reactivity of RV in comparison with CA
and HA can be seen in its lower acidity (pKa1 = 9.16, pKa1 = 9.77,
pKa3 = 10.55) [55]. The low acidity of RV does not favor the reaction
between its hydroxyl groups and the epoxy groups of GDE as it is ex-
pected in a polyphenol compound and epoxy resin [56,57]. Further-
more, in terms of stoichiometry, the total amount of CA and HA em-
ployed in the formulation can react with 93% of the epoxy groups of
GDE, and half of the RV is in excess in relation with GDE. Therefore,
considering the above results and the fact that all the epoxy groups
were consumed (Fig. 3), it is reasonable to assume that some remaining
RV has not covalently bonded to the polymer network. Regarding NC, it
is difficult to prove if NC has cross-linked with CA due to its low con-
centration.

3.3. Thermal and mechanical properties

Glass transition temperatures (Tg) of the bio-based coatings were
measured by DSC (Table 3). In addition, the Tα from DMA was calcu-
lated as the temperature at which Tanδ was the maximum and con-
sidered as the Tg values obtained from the DMA experiments (Fig. 8 &
Table 3). Both DSC and DMA results showed a characteristic trend of
the Tg as the bio-based additives were successively incorporated into
the polymer. GDE-CA-0.90 had the highest Tg while GDE-CA-0.73
possessed a slightly lower Tg. The sole incorporation of HA (GDE-CA-
HA) caused a further drop in the Tg. However, the subsequent inclusion
of RV (GDE-CA-HA-RV) and the further addition of NC (GDE-CA-HA-
RV-NC) did not significantly change the Tg. The trend of the Tg values
was also corroborated with the storage modulus (E') at 25 °C of the
polymers, which showed that the unmodified samples were stiffer than
the modified samples (Table 3).

In addition, we have also assessed the crosslink densities (ve) of the
bio-based polymers. The ve value is calculated from the following
equation:

=v E
RT3e

'

(1)

where E' is the storage modulus at a specific temperature T in the
rubbery state, and R is the universal gas constant [58]. For the calcu-
lations, T = 30 K + Tg. Samples GDE-CA-0.90 and GDE-CA-0.73 dis-
played similar and highest ve values. The introduction of HA decreased
the ve, and the combined incorporation of HA and RV reduced the ve
even more. Further incorporation of NC did not cause a significant
change in the ve.

GDE-CA-0.90 had a higher Tg than that of GDE-CA-0.73 but its ve
was similar to that of GDE-CA-0.73. This result is unusual since GDE-
CA-0.90 was expected to have a higher ve than that of GDE-CA-0.73 due
to the higher concentration of CA in GDE-CA-0.90 that can crosslink
with GDE [59]. However, a similar phenomenon was reported in which

Fig. 6. 1H NMR spectra of (a) GDE, (b) RV and (c) NC.
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the Tg of an epoxy polymer increased but its ve decreased while in-
creasing the concentration of the curing agent [26]. According to the
authors, this effect was caused by the intramolecular reactions of the
epoxy resin alone. However, the results of Table 3 suggest a possible
situation that not all the carboxylic groups of CA in GDE-CA-0.90 have
been cross-linked during the polymer reaction. Thus, the incomplete
reaction of carboxylic groups may have led to the creation of pendant
groups in the polymer network. Although the formation of pendant
groups can decrease the Tg [60], it can also have the opposite effect.
The presence of pendant groups could also have favored the formation
of more entanglements in the polymer and, caused an increase in the Tg

[61,62]. Therefore, in comparison with GDE-CA-0.73, an increase in the
concentration of CA in GDE-CA-0.90 did not favor an increase in ve
despite that it did favor the formation of pendant groups.

On the other hand, the lower Tg observed in GDE-CA-HA was a
result of its low crosslink density. The DSC results (Table 2, Fig. 4)
suggest that there was a simultaneous reaction between the bio-based
acids (CA and HA) and GDE. Due to the different acidity between CA
and HA, it was expected that CA would react with most of the epoxy
groups of GDE rather than HA. Therefore, HA was expected to react
with the secondary OH groups formed out of the reaction between CA
and GDE in the later stage of the curing. However, the DSC results
suggest a simultaneous reaction of CA and HA with the resin that may
have caused the formation of a branched polymer structure. Thus, the
normal reaction between CA and GDE to form a polymer network was
hampered by the concurrent reaction between the monofunctional
carboxyl acid HA and GDE. In consequence, GDE-CA-HA possessed not
only a branched structure but also a low crosslink density (the lower ve
of GDE-CA-HA was proven the by DMA results in Table 3). Therefore,
the lower Tg of GDE-CA-HA was ascribed to the its low ve that had a
major effect over its branched structure.

Nevertheless, the subsequent incorporation of RV and RV/NC did
not significantly change the Tg of the polymer. The Tg values of the
modified samples (GDE-CA-HA, GDE-CA-HA-RV and GDE-CA-HA-RV-
NC) were quite similar. When comparing GDE-CA-HA and GDE-CA-HA-

RV alone, it was expected that GDE-CA-HA-RV would have higher Tg

than that of GDE-CA-HA because of the presence of a rigid additive such
as RV. However, this effect was not found because the incorporation of
RV decreased the ve of the polymer (Table 3). Nevertheless, the decrease
of the ve of GDE-CA-HA-RV did not cause a drop in its Tg. Therefore, the
results indicate that the lower ve of GDE-CA-HA-RV might be compen-
sated by the rigidity of RV which has caused its Tg to be similar to that
of GDE-CA-HA. On the other hand, GDE-CA-HA-RV and GDE-CA-HA-
RV-NC had similar Tg and ve values, which suggests that NC did not
cause any change on these properties. Although NC could have in-
creased the Tg by the creating more entanglements through its aliphatic
chains, its low concentration (1%) may have prevented this effect from
being perceptible.

The decomposition temperatures of the samples were investigated
by TGA. The temperature at 5% mass loss, at 10% mass loss and at the
maximum rate of decomposition were calculated and denoted as Td5%,
Td10% and Tdmax (°C), respectively (Fig. 9, Table 4). The results show
that all the samples possessed very similar Td5%, Td10% and Tdmax. Thus,
the bio-based additives did not affect the thermal decomposition
properties of the polymers. However, there was an effect on the amount
of residue caused by the additives. The percent residues of the un-
modified samples (GDE-CA-0.90 and GDE-CA-0.73) and GDE-CA-HA
were the lowest among all sample, while GDE-CA-HA-RV and GDE-CA-
HA-RV-NC had the highest residue percentages (almost double those of
the former group of samples). The highest residue values of the afore-
mentioned samples were ascribed to the presence of RV. This is in
agreement with recent reports that polymers containing RV showed
higher char yield [37,51]. Therefore, due to its unique molecular
structure, RV releases a low concentration of gases when burned and,
therefore, conferring a higher char yield.

3.4. Wettability

The water affinity of the samples was assessed by contact angle
measurement on coating surfaces and bulk water uptake (Table 5).

Fig. 7. DSC curves of (a) the precursors GDE-RV and GDE-RV-NC compared with that of GDE and (b) RV.

Table 3
Glass transition temperature (Tg) and DMA data (storage modulus (E′), crosslink density (ve) and Tα) of the bio-based polymers (values in parentheses represent the
standard deviation).

Sample Tg (°C)
(DSC)

Tα (°C)
(DMA)

E' @ 298.15 K
(MPa)

E' @ Tα + 30 K
(MPa)

ve(mol/m3)

GDE-CA-0.90 37.3 ( ± 2.7) 51.1 ( ± 0.8) 1998 ( ± 266) 9.2 ( ± 0.7) 1046 ( ± 78)
GDE-CA-0.73 30.6 ( ± 0.9) 45.5 ( ± 1.2) 2272 ( ± 172) 10.2 ( ± 0.4) 1178 ( ± 39)
GDE-CA-HA 22.6 ( ± 5.4) 30.8 ( ± 4.5) 745 ( ± 482) 6.9 ( ± 1.3) 824 ( ± 153)
GDE-CA-HA-RV 26.2 ( ± 3.1) 34.8 ( ± 2.0) 606 ( ± 238) 4.6 ( ± 0.8) 538 ( ± 90)
GDE-CA-HA-RV-NC 30.4 ( ± 1.7) 37.2 ( ± 2.9) 858 ( ± 378) 4.2 ( ± 0.6) 489 ( ± 70)
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Based on the wettability properties, the unmodified samples (GDE-CA-
0.90 and GDE-CA-0.73) had similar water angles and surface energy.
The incorporation of HA and RV did not improve the hydrophobicity.
GDE-CA-0.90/0.73 and the modified coatings GDE-CA-HA and GDE-CA-
HA-RV displayed similar water contact angles (WCAs) and surface en-
ergies. On the other hand, the incorporation of NC caused an increase in
the WCA by around 12° and a decrease in the surface energy by 7 mJ/
m2 when compared with the other coatings. The displayed intrinsic
hydrophobic properties of NC were in accordance with a previous re-
port [46]. Our results confirm that NC has a better hydrophobic effect
over the other bio-based additives (HA and RV). The concentration of
the additives did not seem to play a major role in their ability to hy-
drophobize the coating, as the amount of added NC was the least (1%
w/w) as compared with HA (15% w/w) and RV (9% w/w). A possible
explanation of the better hydrophobic properties of NC may rely on its

molecular structure. As shown in Fig. 1, NC is more flexible, longer and
more branched than the other bio-based additives. Thus, it is reasonable
to suggest that the molecular structure (length and ramification) of the
additive has a great influence on its hydrophobization ability.

The water uptake results were analyzed in terms of the degree of
hydrophobicity and crosslink density. It is worth mentioning that water
uptake data might be affected by the possible leaching of unreacted
soluble components in the formulation. This is an intrinsic issue of this
type of experiment. One has to be cautious when comparing the uptake
values between formulae that contain precursors with very different
solubility.

The unmodified coatings (GDE-CA-0.90 and GDE-CA-0.73) ex-
hibited similar and the highest percent water uptake regardless of the
amount of curing agent used. However, the samples modified with the
bio-based additives showed similar and lower water uptake values. The
unmodified samples had the highest water uptake due to their high
degree of hydrophilicity despite of their high degree of crosslink den-
sity. Although higher cross-linked polymers are expected to have lower
water uptake, the higher hydrophilicity of the GDE and CA drives the
diffusion of water into the polymer network. In contrast, the lower
water uptake of the samples modified with the bio-based compounds
was ascribed to the higher degree of hydrophobicity although they
possessed a lower crosslink density. Due to their aliphatic chains and/or
benzene groups, the bio-based additives HA, RV and NC are able to

Fig. 8. (a) Storage modulus and (b) Tanδ plots of the bio-based polymers.

Fig. 9. TGA thermographs of the epoxy cardanol-based coatings.

Table 4
Decomposition temperatures and percent residue (values in parentheses represent the standard deviation).

Sample Td5% (°C) Td10% (°C) Tdmax (°C) Residue(%)

GDE-CA-0.90 262.7 ( ± 7.4) 301.6 ( ± 3.4) 362.1 ( ± 1.8) 7.50 ( ± 0.12)
GDE-CA-0.73 268.0 ( ± 4.0) 306.8 ( ± 2.1) 362.2 ( ± 0.3) 7.30 ( ± 0.36)
GDE-CA-HA 258.5 ( ± 1.6) 301.5 ( ± 0.8) 364.2 ( ± 0.7) 6.04 ( ± 0.30)
GDE-CA-HA-RV 263.0 ( ± 5.3) 305.3 ( ± 3.2) 365.5 ( ± 1.0) 13.28 ( ± 0.12)
GDE-CA-HA-RV-NC 261.6 (6.2) 304.1 (3.1) 365.5 (0.7) 12.82 (0.14)

Table 5
Wettability and water uptake data of various formulae (values in parentheses
represent the standard deviation).

Sample WCA
(°)

Surface energy
(mJ/m2)

Water uptake (%)

GDE-CA-0.90 72.19 ( ± 2.40) 30.89 33.62 ( ± 0.91)
GDE-CA-0.73 72.25 ( ± 3.96) 31.86 32.60 ( ± 0.91)
GDE-CA-HA 74.96 ( ± 3.95) 29.87 22.18 ( ± 0.57)
GDE-CA-HA-RV 75.40 ( ± 1.90) 28.17 24.15 ( ± 0.73)
GDE-CA-HA-RV-NC 87.22 ( ± 1.42) 22.40 23.73 ( ± 1.08)
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improve the hydrophobicity of the polymers. However, the introduction
of the additives caused a decrease in the crosslink density that may
favor the diffusion of water molecules. Nevertheless, the hydro-
phobicity imparted by the bio-based additives played a more dominant
role in the water uptake over the crosslink density.

The similar water uptake of the three modified samples can be ex-
plained by the similar overall degree of hydrophobicity and crosslink
density. For example, GDE-CA-HA had a higher ve than that of GDE-CA-
HA-RV, but both of them had very similar water uptake. This suggests
that the hydrophobicity action of RV and HA was more effective than
that of HA alone. GDE-CA-HA-RV compensated its lower ve with a better
bulk hydrophobicity granted by RV, which has led to a very similar
water uptake as that of GDE-CA-HA. RV seemed to be a better hydro-
phobizer than HA due to its bigger and more rigid structure. In case of
GDE-CA-HA-RV and GDE-CA-HA-RV-NC, their similar water uptake
values were the result of their similar ve values and bulk hydro-
phobicity. That is, the low concentration of NC did not affect the ulti-
mate bulk hydrophobicity of the polymer network but only the surface
hydrophobicity as shown in the WCA and surface energy results.
Therefore, the hydrophobic surface effect of NC did not prevent water
from coming into the bulk polymer. In summary, the three modified
samples had very similar combined effect of crosslink density and hy-
drophobicity as far as water uptake is concerned.

3.5. Anticorrosion performance

The anticorrosion properties of GDE-CA-0.90, GDE-CA-0.73 and
GDE-CA-HA-RV-NC were studied by Tafel analyses (Fig. 10). Table 6
shows the start of corrosion signal, the thicknesses of the samples, the
corrosion potential (Ecorr) and corrosion current (Icorr). Materials with
high resistance to corrosion are expected to have higher Ecorr values and
lower Icorr values. However, after reaching the equilibrium in the se-
venth day, some samples displayed inconsistent trend for Ecorr and Icorr

values, which makes the comparison difficult among them in terms of
corrosion resistance (e.g., GDE-CA-0.73 showed a better Icorr, but a
worse Ecorr than SS). Nevertheless, the anti-corrosion performance can
still be evaluated from the perspective of corrosion delay. The results
show that SS without coating started to corrode immediately after being
immersed in the electrolyte. In contrast, the corrosion started after
several days’ immersion in the electrolyte for SS coated with the bio-
based polymers. Among the bio-based polymers, GDE-CA-HA-RV-NC
delayed the corrosion reaction by 2 more days than GDE-CA-0.90 and
GDE-CA-0.73. Since the thickness of the bio-based coatings were quite
similar, this result indicates that GDE-CA-HA-RV-NC protected SS

against corrosion better than GDE-CA-0.90 and GDE-CA-0.73 in terms
of the corrosion delay. This is in good agreement with the water uptake
results (Table 5) in which GDE-CA-HA-RV-NC absorbed less water than
GDE-CA-0.90 and GDE-CA-0.73. Overall, the modified coating showed
a better corrosion protection than that of the unmodified coating be-
cause of its delay effect.

4. Conclusions

New fully bio-based epoxy polymers were prepared using only
water as the solvent. The influence of the curing agent concentration
and three bio-based additives (HA, RV, NC) on the mechanical and
thermal properties, as well as the hydrophobicity and corrosion re-
sistance of the epoxy thermosets were studied. The results show that
bio-based additives have been chemically incorporated into the
polymer network. Incorporation of the bio-based additives has caused a
decrease in the crosslink density, which would eventually affect the
mechanical properties of cured polymers. Two main factors were as-
cribed to this effect. First, HA obstructed the reaction of CA and GDE by
reacting with GDE simultaneously. Second, the incorporation of RV and
NC has caused a steric impediment on the curing reaction of the small
and flexible molecules (GDE, CA and HA) because of their bigger mo-
lecular sizes. Nevertheless, the samples modified with the additives
were able to absorb a lower amount of water despite of their low
crosslink density. The lower water uptake of GDE-CA-HA-RV-NC al-
lowed it to have better anticorrosion performance than GDE-CA-0.90
and GDE-CA-0.73 as shown in its better corrosion delay. Moreover, RV-
containing samples were characterized by having higher percentages of
chars while NC-containing samples were characterized by their lower
surface energy. Finally, it is suggested that the hydrophobic properties
of the samples can be improved if the crosslink density is improved.
Higher degree of curing can be achieved by various methods such as
increasing the curing time/temperature or using catalysts to accelerate
specific reactions. We wish that the current work opens an avenue to-
wards fully bio-based environmentally-friendly epoxy coatings for hy-
drophobic applications.
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