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Abstract This study focuses on synthesis of water-
borne epoxy (WBE) derived from epoxidized soybean
oil (ESO) and its compatibility with water-dispersible
curing agent Pripol 1009, which is a bioderived long-
chain dimer acid. The reaction parameters involved in
the synthesis of WBE from ESO have been optimized
based on physicochemical properties like hydroxyl
value, epoxy equivalent value and degree of solubility
of WBE. The WBE obtained after 5 and 6 h of
reaction time was found to be of optimum composition
with balanced physicochemical properties. The
mechanical, thermal and physicochemical properties
of WBE obtained after 6 h of reaction time revealed
relatively better performance characteristics as com-
pared to ESO.

Keywords Biobased, Waterborne epoxy, Curing
agent, Dimer acid

Introduction

Increased environmental concerns have fostered the
development of solvent-free coating technology in
order to reduce the volatile organic compound
(VOC) content in the environment. For decades,
conventional polymeric materials generated from
petroleum-based sources have been utilized in wide-

spread applications ranging from automotive, building
construction to aerospace industries and many more.
Various polymers such as alkyds, polyurethanes,
epoxys and polyols have been among the materials of
greatest choice for several applications. Among all the
systems, epoxy has the immense potential for adhesion
to almost all substrates such as metals, concrete, glass,
ceramics and leather that provides good dimensional
stability to the coating. It represents a major share of
global demand for paints and coatings industry.1 A
novel biobased epoxy resin has been studied recently
in order to develop materials with excellent mechanical
properties and low flammability to serve as a better
alternative to DGEBA.2 Similarly in another study by
Maiorana et al., a thermally stable biobased thermoset
that possessed comparatively better properties than its
petroleum-based counterparts was synthesized.3 The
prime threat associated with conventional epoxy is
often related to the crosslinker and the solvent used
which causes skin sensitization and asthma. Hence, the
necessity for a solvent-free or water-based coating has
become a prime requirement. In addition to that,
awareness over global warming and high risks of
hazardous carbon emission issues have caused a shift
towards renewable resource-based material as a source
of monomers as well as curing agents for polymeric
coatings. Hence, waterborne epoxys synthesized from
renewable resources are receiving tremendous atten-
tion due to their abundance as well as low cost, less
toxicity, low viscosity, ease of cleaning and environ-
mental benefits. The epoxidized oils derived from
renewable feedstock like canola oil, cottonseed oil,
linseed oil, castor oil and tung oil are the major sources
of raw materials of waterborne biobased epoxy resins.
The most adopted method of waterborne epoxy
synthesis is the structural modification of hydrophobic
backbone into hydrophilic by incorporation of polar
groups. These newly formed groups in the polymer
backbone further act as sites for crosslinking with the
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curing agent. Furthermore, petro-based conventional
curing agents like amines and anhydrides and solvents
have health hazard issues to human life. This has
resulted in a great demand for exploring plant-based
curing agents to develop a complete water-soluble
biobased coating formulation.4,5 In a study, Songqi
et al. reported on the synthesis and characterization of
a hard and flexible degradable thermoset derived from
epoxidized sucrose soyate (ESS) and a dicarboxylic
acid that had explored the applicability of naturally
occurring acids as a crosslinker for renewable resource-
based epoxy systems.6 The utilization of plant and
plant-derived products in coatings and adhesives is
decades old, but today the scientific community is
emphasizing various approaches towards synthesizing a
completely water-soluble biobased epoxy system with
enhanced novel properties. It has been previously
reported that the thermosets obtained from ESS and
natural fatty acids derived from citrus fruits have
achieved excellent thermal and mechanical properties,
especially in coatings.7 This approach provides a
significant chance to lower the dependency on petro-
leum-based raw materials, solvents and curing agents
and provides sustainable and green solutions to the
polymer industry.

In view of the above observations, the present work
is aimed at developing a waterborne epoxy (WBE)
from epoxidized soybean oil cured with water-dis-
persible curing agent Pripol 1009. The physicochemi-
cal, mechanical and thermal properties along with
chemical resistance and swelling characteristics of the
synthesized WBE were evaluated, and a comparative
study of these properties with respect to ESO was also
established.

Experimental

Materials and methods

ESO was purchased from M/s Makwell Plasticizers Pvt
Ltd., India, and diethanolamine, O-phosphoric acid, 2-
methyl imidazole and ethanol were supplied by Sigma-
Aldrich, USA. Fatty acid dimer (Pripol 1009) was
kindly supplied by M/s Croda, India.

Synthesis of waterborne epoxy (WBE)

WBE was synthesized from epoxidized soybean oil
(ESO) under controlled reaction conditions.8 An
Erlenmeyer flask fitted with thermometer, magnetic
stirrer and nitrogen gas inlet was charged with 0.1 mol
ESO, and subsequently 0.1 mol diethanolamine was
added dropwise with continuous stirring at 50�C
followed by gradual increase in temperature to 80�C.
The epoxy equivalent and hydroxyl value were calcu-
lated every hour to monitor the progress of the
reaction. After the desired value was obtained, the
reaction was terminated by being neutralized with
phosphoric acid and then cooled. As a result, highly
viscous yellowish-brown liquid of waterborne epoxy
(WBE) was obtained. Then, 50 ml of water and
ethanol mixture mixed in equal proportion was added
to it, and finally a uniform homogenous mixture was
prepared. The sample codes of WBE based on the
reaction parameters are displayed in Table 1.

Preparation of cured ESO and WBE

The curing agent (hydrogenated fatty acid dimer) was
mixed with ESO and WBE in stoichiometric molar
ratio of 1:1. Subsequently, catalyst 2-methyl imidazole
(1w% of the total formulation) was added to it and
vigorously stirred at 120�C for 2 min. For WBE, the
prereaction was carried out after mixing by placing it in
a vacuum oven at 60�C for 2 h to avoid the occurrence
of any kind of phase separation due to solvent
evaporation and to obtain a clear and a transparent
solution. The solution was then poured into a rectan-
gular-shaped Teflon mold of dimension 10 cm x 5 cm
and subjected to cure initially at 120�C for 2 h and
finally at 160�C for 2 h.

Characterization

The hydroxyl value (OHV) and epoxide equivalent
value (EEW) of ESO and WBE series were deter-
mined according to ASTM D 1957-86 and ASTM D
1652, respectively. The changes in viscosities were

Table 1: Physicochemical characteristic of uncured ESO and WBE

Sample EEW Color (Gardner) OHV Viscosity (cp) at 25�C Solubility in water/ethanol blend

ESO 237 3 – 474 Insoluble
WBE-1 244 9 9.23 563 Insoluble
WBE-2 253 11 10.09 600 Insoluble
WBE-3 278 15 11.04 811 Insoluble
WBE-4 344 18 12.31 885 Insoluble
WBE-5 408 20 13.04 950 Soluble
WBE-6 462 21 14.92 1040 Soluble
WBE-7 505 21 15.17 1275 Soluble
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observed as per ASTM D 1824 with the Lv.3 spindle of
Brookfield viscometer.

Solubility test

The solubility of WBE was analyzed in a mixture of
equal volume of water and ethanol at room temper-
ature. The density of the cured films was evaluated
based on sinker method according to ASTM 792.

Particle size analysis

The average particle size of both WBE-5 and WBE-6
was determined using Malvern particle size analyzer
Mastersizer 2000 with a measurement size range of
0.100–1000 lm.

Storage stability

The stability of the WBE systems was evaluated as per
ASTM D 1849-95 in a sealed glass bottle under room
temperature for 1 month to determine the sound
storage period which is an important criterion of a
high-quality waterborne coating system.

Solid content

The solid content of WBE dispersion samples was
determined according to ASTM D 2834. A sample of
2 g was taken in a petri dish for analysis, and the
percentage of solid content was calculated after heat-
ing at 100�C in oven for 60 min. The solid content was
calculated using the following formula:

Solid content %ð Þ ¼ Wa �Wo

Wb �Wo
� 100 ð1Þ

Wo, weight of empty petri dish; Wb, weight of WBE
before heating; Wa, weight of WBE after heating.

Spectral analysis

FTIR spectra were recorded using thermoscientific
FTIR (ATR mode 4000–400 cm�1, M/S Nicolet 6700,
USA) spectrophotometer to observe the generations of
newly formed as well the disappearance of the chem-
ical bonds. The proton NMR spectra of WBE and ESO
were recorded using spectrometer (M/s Bruker 500-
NMR, UK) using CDCl3 as solvent to confirm the
synthesis of WBE.

Chemicals resistance

The chemical resistance behaviors of both ESO and
WBE samples were studied in different acid and alkali
exposure medium for a period of 1 week.

Water uptake

The percentage of water absorption value was deter-
mined using equation (2).

Mt ¼
Wt �Wd

Wd
� 100 ð2Þ

Wd, initial dry weight of the film; Wt, weight of the
sample at time ‘t’ of immersion.

Furthermore, water diffusion coefficient of ESO and
WBE films was determined using the following equa-
tion:

Wt

W1
¼ 4

ffiffiffi

p
p

ffiffiffiffiffiffi

Dt

b2

r

D, diffusion coefficient; b, thickness of the specimen;
W¥, maximum water absorption value.

Swelling and crosslink density determination

The swelling experiment for both ESO and WBE
samples was performed at room temperature to calcu-
late the effective crosslinking density. The interaction
parameter between the solvent used and the polymer
was calculated as per the equation reported by
Gopalakrishnan et al.9 The average molecular weight
between two crosslinks and crosslinking density of both
ESO and WBE-6 samples were determined as per the
following modified Flory–Rehner equation (3).

Q ¼ Ve þ vVe þ ln 1� Veð Þ
deVs

ffiffiffiffiffiffi

Ve

p
� Ve=2

� � ¼ 1

Mc
ð3Þ

Ve, volume fraction of epoxy in swollen network; v,
interaction parameter; Vs, molar volume of the diffus-
ing agent; Mc, average molecular weight between two
crosslinks.

Mechanical analysis

(a) Tensile strength

The tensile properties of the dumb-bell-shaped films
of dimension 60 mm 9 10 mm were analyzed as per
ASTM D 882, a universal testing machine (M/s)
Instron 3382, UK) fitted with 1 KN capacity load cell
at a crosshead speed of 2 mm/min. The samples were
conditioned at room temperature and RH 55% for
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24 h prior to testing. Ten samples of each formulation
were analyzed, and the average value of it is reported
in Table 2.

Five coated MS strips of both formulation (ESO and
WBE) were prepared using draw-down method
(ASTM D 41470-93) of thickness 100–110 lm, and
their coating properties viz. adhesion strength (ASTM
standard D 3359), scratch hardness (ASTM D 5178),
abrasion resistance (ASTM D 4060) and gloss (ASTM
D 2457) were evaluated. The average values of it are
reported in Table 3.

(b) Scratch hardness

The scratch hardness of the coated samples
(70 mm 9 25 mm 9 1 mm) was evaluated to measure
the resistance of the specimens to indentation of
scratching using the scratch hardness tester. The coated
panels were subjected to loads of different weights
until a scratch showing a clear and bare substrate
surface was observed.

(c) Abrasion resistance

The abrasion resistance of the coated samples
(10 cm 9 10 cm) was carried out using M/s. Taber
Model 530 Abraser as per ASTM D 4060 method. For
every 200 cycles of samples rotation, the loss in weight
was recorded. The abrasion resistance values resulted
in terms of weight loss per 1000 cycles with abrasive
wheel No. CS 10 along with a load of 500 g each has
been reported in Table 3.

(d) Adhesion strength

The adhesion strength of coated ESO and WBE
samples was determined by crosshatch method using
crosscut adhesion tester. The adhesion strength of the
coated specimens was calculated using the following
equation:

Adhesion %ð Þ ¼ Sintact
Stotal

� 100

Sintact, number of squares remaining intact to the tape
applied area; Stotal, total number of squares present on
the tape applied area.

(e) Gloss

The gloss of the coated ESO and WBE samples was
evaluated using glossmeter at 45� angle.

Differential scanning calorimetry analysis

The DSC thermograms of both the formulations were
recorded out using DSC Q-20 at a heating rate of 10�C
min�1 under N2 atmosphere to determine the glass
transition temperature (Tg) and temperature range of
curing.

Results and discussion

Physicochemical analysis of WBE

Physicochemical properties of synthesized formula-
tions were investigated in terms of epoxide equivalent
weight, hydroxyl value, viscosity and solubility, and the
results thus obtained are summarized in Table 1. The
synthesized WBE exhibited an increasing trend in
OHV and EEW as a function of reaction over 6 h. This
reveals the formation of hydroxyl functionalities and
consumption of epoxide ring towards formation of
waterborne epoxy.10 Further, it is noticed that the rate
of increase in EEW was relatively higher beyond 4 h of
reaction time suggesting a higher rate of reaction and
hence generating greater number of free hydroxyl
groups due to rapid consumption of epoxide groups.11

An enhancement in the viscosity of WBE was also
noticed with the increase in reaction time. The reason
for such transformation is the increase in hydroxyl
content from WBE-1 to WBE-6.12 Moreover, the
solubility of all the formulations in water/ethanol
mixture has also been assessed and is reported in
Table 1. The analysis showed that WBE-5 and WBE-6
were soluble in the water/ethanol blend revealing the
presence of sufficient polar hydroxyl and amide groups
which induced polarity, thereby resulting in dissolution
of WBE-5 and WBE-6.13 No alterations in the physical
state like appearance, separation and viscosity were

Table 2: Mechanical properties of cured ESO and WBE

Sample Tensile strength (MPa) Elongation at break (%) Young’s modulus (MPa)

ESO 1.24 ± 0.12 21.32 ± 0.81 0.016 ± 0.003
WBE 1.33 ± 0.2 17.18 ± 0.36 0.026 ± 0.007

Table 3: Coating properties of ESO and WBE specimens

Sample Scratch hardness (g) Gloss (GU) Abrasion resistance (mg/1000 cycle) Adhesion strength (%)

ESO 1250 50 7.8 51
WBE 1650 56 5.7 67
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noticed in either the WBE-5 and WBE-6 system until
30 days of storage, confirming that the synthesized
WBE has a good shelf life and hence meets the
essential requirement of a high standard coating
system.14 The solid content value of the resulting
WBE dispersion was found to be 45% and the
remaining part can be ascribed to solvent (water/
ethanol blend) or solvent dissolved substances. In
waterborne coatings high solid content implies rapid
drying and hence more efficient coating.15,16 Particle
size of the WBE was evaluated to compare the stability
of both the WBE dispersions and the results are
reported in Fig. 1. The observation indicated a drop in
mean particle size from 49 lm of WBE-5 to 36 lm of
WBE-6 with increase in hydroxyl value. In this WBE
dispersion, the average particle size was affected solely
by the hydrophilicity of the system as the constituents
of WBE-5 and WBE-6 are same. The higher hydroxyl
content in the WBE-6 film plays a key role in
increasing the compatibility of the polymer with
aqueous medium and hence forms smaller dispersed
particles.17,18 The lower particle size of WBE-6 and
uniform distribution curve indicated a relatively better
dispersion stability as compared to that of WBE-5
which has got a broader and bimodal particle size
distribution curve. The thickness of the solid films was
maintained to be in the range of 1–1.5 mm.

Fourier transform infrared spectroscopic (FTIR)
analysis

The synthesis of waterborne epoxy was confirmed using
FTIR as is shown in Figs. 2 and 3. In the case of ESO, the
characteristic peaks at 822 cm�1 and 1750 cm�1 corre-
sponded to oxirane ring and C=O ester linkage, respec-

tively. In the case ofwaterborne epoxy, these peakswere
found to be unaltered until reaction time of 4 h.
However, beyond 5 h of reaction time, intensity of these
peaks was found to be reduced, revealing the consump-
tion of oxirane groups and ester groups. This was further
confirmed by the appearance of an additional peak at
3322 cm�1 corresponding to OH functionalities in the
case of WBE obtained beyond 5 h of reaction time due
to the opening of oxirane rings and thereby forming
hydroxyl functionalities.19 Additionally, a peak at
1625 cm�1 for WBE samples corresponding to C = O
stretching of tertiary amides was observed beyond 3 h of
reaction time. This indicated the occurrence of reaction
between diethanolamine and ester functionalities pre-
sent in ESO resulting in the formation of diethanola-
mides.20 Moreover, the peak at 822 cm�1 had not
completely disappeared in the case of WBE-5 and
WBE-6 indicating the presence of oxirane group that
remained unreacted. These unreacted oxirane groups
might contribute towards curing ofWBE. 21 The peak at
1750 cm�1 indicated the presence of aliphatic ester in
the ESO and WBE chains. The peak corresponding to
hydroxyl functionalities at 3322 cm�1 was relatively
more prominent in the case of WBE-6 and WBE-7 as
compared to that ofWBE-5, which revealed the fact that
WBE-5 contained a relatively lower number of hydroxyl
groups. However the peak intensity corresponding to
the oxirane ring at 822 cm�1 was nearly similar for
WBE-5 and WBE-6 which confirmed the presence of
oxirane group required to assist the crosslinking,
whereas in the case of WBE-7 the peak at 822 cm�1

completely disappeared which proves the complete
consumption of oxirane groups. The presence of oxirane
groups alongwith hydroxyl groupswas required in order
to facilitate the crosslinking; hence due to complete
disappearance of epoxy band, WBE-7 was not consid-
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ered for further evaluation as already highlighted in the
earlier section. Therefore, based on the higher number
of hydroxyl content present in WBE-6 as compared to
WBE-5, the former was considered to be the optimum

formulation of waterborne epoxy for further evaluation
and shall be denoted asWBE in further discussions. The
schematic representation of synthesis of WBE is illus-
trated in Fig. 4.
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The FTIR pattern and curing mechanism of ESO
and WBE cured with carboxylic groups containing
curing agent (Pripol 1009) is presented in Fig. 5. The
cured samples of ESO and WBE did not show the
presence of the oxirane peak at 822 cm�1 confirming

the complete utilization and ring-opening of the
epoxy rings during curing. The opening of the oxirane
group occurred via nucleophilic substitution reaction
between epoxy and curing agent in presence of a
catalyst. A band at 1560 cm1 was observed in both
cured ESO and WBE which can be attributed to the
formation of carboxylate intermediate due to the
attachment of epoxy resin with the imidazole catalyst.
This result was found to be in accordance with the
previous report.22 The catalyst might have attacked
the carboxylic groups of the curing agent resulting in
the formation of carboxylate intermediate that acted
as a nucleophile and attacked the electrophilic carbon
thereby initiating the crosslinking reaction. The
nucleophile might attack the oxirane ring or the ester
linkage in both the cases of ESO and WBE. However,
the carboxylate intermediate attacked the very active
oxirane ring due to its high strain. The oxygen present
in the oxirane ring served as the leaving group that
attracted the proton released from curing agent
(carboxylic groups) and became protonated.23 The
reaction continued until the whole oxirane groups
were utilized. Moreover, the peak at 1750 cm�1

present in uncured ESO and WBE was found to
have shifted to 1735 cm�1 in cured ESO and WBE.
This showed the formation of new ester linkage due
to the interaction between aliphatic ester groups of
ESO/WBE and carboxylic groups of Pripol. Hence, it
can be concluded that both oxirane groups and ester
groups act as crosslinking sites in ESO and WBE.
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Furthermore, it is noticed that in cured ESO, a broad
peak appeared at 3340 cm�1 revealing the formation
of hydroxyl functionalities. This confirmed the fact
that during interaction between oxirane groups and
carboxylic groups of curing agent, OH groups were
formed due to the protonation of alkoxide generated
during the reaction. However, no peak corresponding
to OH functionalities could be observed in WBE-6.
This suggested that since the number of oxirane and
ester groups was relatively less in WBE-6 as com-
pared to ESO due to its conversion into hydroxyl
functionality, relatively less amount of curing agent
could be consumed towards crosslinking via interac-
tion with the oxirane. In this case the hydroxyl groups
present in WBE started to act as crosslinking sites
and interacted with the carboxylic end of the remain-
ing curing agent thereby causing consumption of
hydroxyl groups which was confirmed by the absence
of peak near 3340 cm�1 in cured WBE. This led to
the formation of ester, represented by a peak nearly
at 1730 cm�1 in the case of WBE. Figure 6 illustrates
the possible reaction occurred during curing of ESO
and WBE.

Proton NMR analysis

In the case of ESO the peaks at 0.9 ppm, 1.3 ppm and
1.4 ppm correspond to the characteristic protons of
methyl and methylene groups present in the polymer
backbone. Furthermore, the peak at 2.9 ppm repre-
sents presence of protons of oxirane ring in the resin.
Moreover, in the case of WBE the peaks at 0.9 ppm,
1.3 ppm and 1.4 ppm remained unaltered indicating no
change in the polymer backbone after addition of
diethanolamine in the ESO resin as shown in Fig. 7.
However, the intensity of the peak at 2.9 ppm was
found to be lowered revealing the consumption of
oxirane group during the formation of waterborne
epoxy. Additionally, a peak at 5.2 ppm was noticed in
the case of WBE-6, confirming the presence of
hydroxyl group formed due to the ring-opening of
oxirane group.24 As diethanolamine acts as a driving
force in the ring-opening of epoxides, reduction in
protons was observed at 2.9 ppm in WBE, and a signal
due to the terminal ethylenic protons appeared at
4.7 ppm.12 The observations were in good accordance
with the FTIR analysis and physicochemical properties
confirming the synthesis of WBE from ESO.
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Mechanical analysis

Mechanical properties of ESO and WBE were evalu-
ated in terms of tensile strength, scratch resistance,
abrasion resistance, adhesion and gloss. The analysis
revealed that tensile strength and modulus of WBE
were relatively higher than that of ESO revealing the
relatively higher degree of crosslinking in WBE as
compared to ESO. However, the elongation at break
for WBE was lower than that of ESO to the tune of
20%. This is attributed to the relatively higher flexi-
bility of ESO films owing to the higher number of free
hydroxyl groups in cured ESO as compared to cured
WBE corroborating the findings obtained from FTIR
analysis. The result was in accordance with findings
reported by Mestrovic et al.25 where it was reported

that tensile strength varied with the amount of free
hydroxyl groups present.

Besides oxirane rings that act as crosslinking sites in
uncured ESO and WBE, hydroxyl groups provided
additional crosslinking sites for WBE as compared to
ESO that resulted in enhanced scratch resistance.
These observations were found to be well consistent
with the results obtained from swelling study discussed
in the earlier section. The higher adhesive strength in
WBE as compared to ESO indicated its great adhesion
performance, which can be attributed to the greater
crosslinking density and stronger intermolecular inter-
action between the remaining oxirane rings, hydroxyl
groups and ester groups with the carboxyl ends of
Pripol 1009, thereby generating hydrogen bonding.
Greater crosslinking and higher H-bonding interac-
tions resulted in greater adhesion strength. Further, the
higher abrasion resistance of WBE as compared to
ESO might be due to effective crosslinking that
imparts greater elasticity and resistance against defor-
mation. The WBE coating showed higher gloss value as
compared with ESO coating which might be due to the
development of a highly three-dimensional crosslinked
network structure in WBE. This suggests that WBE
contains optimum content of reactive sites that leads to
greater degree of crosslinking.

Differential scanning calorimetry (DSC) analysis

ESO as well as WBE exhibited two distinct transitions
in DSC thermogram as shown in Fig. 8. The transition
near �25 and �17�C in the case of ESO and WBE
represented glass transition temperature of the resins.
A higher Tg for WBE also indicated denser crosslink-
ing and the absence of unreacted moieties.26,27 The
second transition in case of ESO and WBE was found
to be in the range of 140–268 and 146–283�C, which
represented the crosslinking due to the opening up of
oxirane rings. The onset curing temperature of ESO
and WBE was found to be 140 and 146�C, respectively,
whereas the final curing temperature of ESO and WBE
was 268 and 283�C, respectively as shown in Table 4.
Moreover, a single peak of the curing without any
shoulder could be noticed in both the cases of ESO and
WBE representing a single-stage curing process. How-
ever, the higher curing temperature of WBE might be
attributed to the slow diffusion of molecular chains due
to its greater low-temperature stability. The inclusion
of amine groups in WBE might be responsible for the
improvement in lower-temperature stability due to its
antioxidant property.28,29 The enthalpy of reaction in
WBE was also higher than ESO, suggesting greater
crosslinking.

Chemicals resistance

Resistance of ESO and WBE was evaluated against
various chemicals viz. 5% NaOH, 5% NaCl and 5%

11
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12 10 9 8 7 6 5 4 3 2 1 0

1112 10 9 8 7 6 5 4 3 2 1 0 ppm
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(b)

Fig. 7: Proton NMR spectra of uncured (a) ESO and (b)
WBE
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HCl. Both the systems (i.e., ESO and WBE-6) did not
exhibit good alkali resistance owing to the presence of
ester linkages which are susceptible to alkali attack.30

Deterioration in gloss and change in coloration were
observed in the samples immersed in alkali medium
which is shown in Fig. 9. Moreover, in all the chemical
medium WBE showed relatively higher resistance as
compared to that of ESO. This is attributed to the
excess hydroxyl content in cured ESO rather than that
of WBE, as observed from FTIR analysis which caused
swelling of the ESO films in various media. These
hydroxyl groups of cured ESO might also interact with
the polar chemical media and lead to the disruption of
its chemical integrity.31 The lower chemical resistance
of ESO than that of WBE also suggested the possibility
of the presence of voids, free volume that in turn
resulted in the increased affinity towards external
chemical media.

Swelling and crosslink density

The swelling property of ESO and WBE was evaluated
in order to predict their crosslinking and wetting
ability. The results were obtained in terms of swelling
coefficient (S), crosslink density (Q) and average
molecular weight between two crosslinks (Mc) and
are summarized in Table 5 and Fig. 10. The analysis
showed higher swelling of ESO sample in all the
solvents as compared to WBE that may be ascribed to
the presence of a higher number of free hydroxyl

groups present in ESO that act as active sites for the
solvent molecules to interact. This was in accordance
with the findings observed in earlier sections. More-
over, Mc calculated for WBE was found to be lower as
compared with ESO. This revealed the highly cross-
linked network in WBE, suggesting that the crosslink-
ing in WBE occurred via linkages between the
carboxylic end of curing agent and oxirane, ester and
hydroxyl groups, while in case of ESO it is crosslinked
via a single path (i.e. linkages formed between oxirane
groups of ESO and carboxyl end groups of curing
agent). Moreover, the higher values of crosslinking
density for WBE confirmed the dense crosslink net-
work corroborating the earlier observation. The higher
swelling of ESO in all the solvents can be ascribed to
relatively loose packing of crosslinks as compared to
WBE that allows easy migration of solvent into the
ESO network (Table 5).

Water uptake

Figure 11 and Table 6 represents the water absorption
characteristics of the ESO and WBE immersed in
water for 20 days. The analysis showed that both ESO
and WBE exhibited Fickian behavior with an increas-
ing trend of the water uptake (%) with respect to the
immersion period which subsequently attained a satu-
ration point. Moreover, it was noticed that ESO
exhibited a relatively higher water uptake percentage
as compared to WBE over the entire period of

Fig. 9: Photograph showing chemicals resistance of cured
ESO and WBE film (a) before exposure, (b) in 5% NaCl, (c)
5% NaOH, and (d) 5% HCl
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Fig. 8: DSC thermograms of uncured ESO and WBE

Table 4: Thermal properties of uncured ESO and WBE

Sample Tcure (�C) Tg (�C) Range of curing temperature (�C) Enthalpy (J/g)

ESO 240 �25 140–283 162
WBE 180 �17 120–268 268
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experiment. Further, it was noticed that saturation
point for ESO was reached after almost 9 days of
immersion, whereas it was delayed to 14 days in case of
WBE. This revealed a reduced water uptake tendency
of WBE as compared to ESO.32,33 The higher water
uptake percentage of ESO is related to the presence of
the hydroxyl groups in the cured ESO unlike cured
WBE. The free hydroxyl groups in ESO provided
bonding sites to water molecules via dipole interactions
that resulted in higher affinity to water. Further the
delayed saturation point in WBE confirmed the higher
degree of crosslinking in comparison with ESO coun-
terpart corroborating the earlier observations. A high-
er diffusion coefficient value was also observed in the
case of ESO that showed greater diffusion of water
molecules into ESO film and hence less crosslinking
than WBE.

Conclusion

WBE was synthesized via modification of epoxidized
soyabean oil (ESO) using diethanolamine under con-
trolled reaction conditions. The physicochemical prop-
erties and FTIR pattern of WBE obtained after 6 h of
reaction time were found to be of optimum composi-
tion. Then a comparative analysis of ESO and WBE-6
was carried out. The NMR pattern revealed a success-
ful synthesis of WBE from ESO. The FTIR pattern of
cured ESO and WBE exhibited their compatibility
with the carboxylic groups containing water-dispersible
curing agent Pripol 1009. The higher degree of
crosslinking was observed in the case of WBE as
compared to ESO through mechanical property anal-
ysis. Both the samples showed excellent chemical
resistance except towards alkali. WBE showed an
excellent combination of coating properties with high
scratch and abrasion resistance as well as outstanding
adhesion. The DSC analysis revealed single-step curing
of both ESO and WBE. Swelling and crosslink density
analysis confirmed a higher degree of crosslinking in
WBE and presence of a greater number of hydroxyl
groups in ESO after curing. These results were further
supported by water uptake analysis where a delayed
saturation, lower water uptake (%) and lower diffusion
coefficient value of WBE were obtained as compared
to ESO.
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Table 5: Swelling and crosslink density characteristics of cured ESO and WBE

Sample Density (g/cm3) S Mc (g/mol) Q 9 10�3 (mol/cm3)

ESO 0.97 1.60 783.72 0.635
WBE-6 0.98 1.39 613.03 0.816

Table 6: Water absorption characteristics of cured ESO
and WBE

Sample Maximum water
uptake (%)

Diffusion
coefficient

R2

ESO 3 0.11 0.97
WBE 2.5 0.06 0.98
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