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Abstract: Jatropha oil (JO) is an inedible oil mainly used
in biodiesel. We have attempted to prepare a JO-based
polyesteramide/clay composite using a one-pot, two-step
reaction, for application as a protective coating. The aim
of the work is to utilize JO for its value-added application by preparing a JO polyesteramide/clay composite, to
investigate the potential of the prepared composite as a
protective coating, and also to study the effect of loaded
clay on the structure, morphology, thermal stability and
coating properties of the composite. The formation of
composites was confirmed by Fourier transform infrared
spectroscopy (FTIR), transmission electron microscopy
(TEM) and atomic force microscope (AFM) studies. The
coating properties were studied by standard physicomechanical and corrosion resistance tests in corrosive
media (3.5 wt% HCl, 3.5 wt% NaCl and tap water). The
thermal stability was assessed by differential scanning
calorimetry (DSC), thermogravimetric (TGA) and derivative thermogravimetric (DTG) analyses. The coatings
showed good physico-mechanical and corrosion resistance performance and can be safely used up to 275°C. The
approach paves way towards an alternate value addition
to a non-edible oil.
Keywords: coatings; composite; clay; Jatropha oil;
polyesteramide.

1 Introduction
Biocomposites comprise a biobased organic polymer
matrix and inorganic nanofillers. They show improved
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thermal and mechanical properties, corrosion resistance,
fire retardance and biodegradability, with wide applications especially in the field of packaging materials, structural materials, medical devices, antimicrobial, corrosion
resistant coatings, paints and others (1–7). Several biopolymers such as chitosan (8), starch (9), cellulose (10), polylactic acid (11), vegetable oils (VO) and their derivatives (12, 13)
have been widely used as polymer matrices with nanosized
fillers such as silica, clay, carbon nanotubes and others.
Montmorillonite (MMT) is the most commonly used
clay; it is a crystalline 2:1 layered clay mineral with a
central alumina octahedral sheet sandwiched between
two silica tetrahedral sheets, with high aspect ratio. MMT
is either intercalated or exfoliated by polymer chains to
form biocomposites (14–16). Such material is generally
used as an additive to improve some physical properties of
polymers and to provide reinforcement to polymer matrices. The type and content of MMT influences the final
properties of biocomposites (17–19).
VO polymer/clay composites are one of the most promising biocomposite materials. These have been prepared
by epoxidation (20–24), acrylation (14, 25, 26), styrenation, vinylation (27–30), esterification (31–33) and urethanation (34, 35) of VO, followed by their nanocomposite
formation with organoclay in different doses. Such intercalated or exfoliated organoclay VO bionanocomposites
have shown improved mechanical properties (14), thermal
stability (14, 21, 32, 34), water barrier properties (34–37),
biodegradability (32, 34), non-cytotoxicity (34), antimicrobial activity (33), flame retardancy (38), transparency and
light weight characteristics (35) compared to the pristine
VO polymers, which generally lack rigidity, strength and
thermostability (25, 32, 39). The reinforcing effect of the
organoclay modifier depends on the polarity, flexibility,
structure and feed ratio (21, 26) of monomers as well as
strong interfacial interactions between the biopolymer
matrix and layered silicates (40, 41). Heidarian et al. (42)
have prepared castor oil polyurethane/MMT nanocomposites through ultrasonication assisted process, and studied
the corrosion protection performance of their coatings
by electrochemical measurements. Zafar and coworkers
synthesized polyurethanamide nanocomposite by in situ
polymerization of linseed oil derived diol fattyamide and
tolulylene-2,4-diisocyanate in the presence of different
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contents of organic montmorillonite (OMMT) at room temperature (43), with good coating properties such as scratch
hardness (3.5 kg), impact resistance (passes 200 lb/inch)
and bend test values (passes 1/8 inch).
Polyesteramides are amide modified alkyds. They
have been obtained from VO such as linseed, castor,
soy, Pongamia glabra, corn, olive and others. VO based
polyesteramides contain ester, amide and pendant alkyl
chains (from parent oil). These functional groups impart
good adhesion, flexibility, thermal stability and chemical
resistance (specially against acid media), and also provide
functional group sites for chemical modification, thus
rendering the polymer useful in protective coatings (42,
44–47). These have been modified by the introduction of
acrylic moieties, boron, aluminum, urethane, and others
for improved physico-mechanical performance and chemical resistance (47, 48). Zafar et al. (49) recently developed
linseed oil based waterborne polyesteramide/MMT bionanocomposites via a microwave (MW)-assisted technique.
However, as linseed oil is also used for edible purposes,
the approach would be more fruitful and its value would
be augmented many times, if it is applied to oils that are
non-edible, such as Jatropha oil (JO). In the present study,
we have developed JO based polyesteramide/MMT clay
nanocomposites. The approach focuses on the utilization
of a non-edible oil for alternate value-added commercial
application in paints and coatings. It is a motivating step
towards sustainability and value-addition.

2 Experimental
2.1 C
 hemicals and instrumentations
JO (50), MMT (particle size 2–13 μm, layer thickness
1 nm), Cloisite 30B; Southern Clay Products, Gonzales,
USA), Phthalic anhydride (Hopkins, Plainville, England),
diethanolamine (Fluka Chemie, Switzerland), sodium
metal, methanol (Sigma Aldrich, Louis, USA), were used
as received.
The physico-chemical analyses of nanocomposites
such as the determination of acid value (ASTM D55561), and refractive index (ASTM D1218) were carried out
by standard ASTM laboratory methods. Fourier transform infrared (FTIR) measurements were conducted on
a FTIR spectrometer, Spectrum 100 (Perkin Elmer Cetus
Instrument, Norwalk, CT, USA) using an NaCl cell with a
wave number resolution of 2 cm−1 at room temperature.
Morphological studies were carried out by transmission
electron microscopy (TEM) (JEM-2100F). Topography

was measured by atomic force microscope (AFM) in the
noncontact mode (TriA SPM, A.P.E. Research, Trieste,
Italy). Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out by TGA/
DSC1 (Mettler Toledo AG, Analytical CH-8603, Schwerzenbach, Switzerland) in nitrogen atmosphere to investigate the thermal degradation pattern of the polymers.
Physico-mechanical properties of coated panels such as
the scratch hardness (BS 3900), adhesion test by cross
hatch (ASTM D3359-02), the impact test (IS 101 part 5 s−1,
1988), the flexibility/bending test (ASTM D3281-84), the
pencil hardness test (ASTM D3363-05), the salt spray test
(ASTM B117) and the thickness (ASTM D 1186-B) were
measured. The corrosion resistance of JPEA coatings was
measured by the use of a conventional three electrode
cell system, calomel was used as a reference electrode,
platinum as a counter electrode and coated and bare
mild steel (MS) panel as a working electrode (exposed
area 1 cm2). Tafel data were collected by using a Gill AC
(ACM Instruments, UK) and the potential range ±250 mV
with a scanning rate 5 mV/s (51).

2.2 Synthesis of N,N-bis(2-hydroxy ethyl)
Jatropha oil fatty amide (HEJA)
Synthesis of HEJA was performed according to previously
reported papers (50, 52). JO was treated with diethanolamine in the presence of sodium methoxide, at 150°C. The
reaction was monitored by thin layer chromatography
(TLC), at regular intervals of time. After the reaction was
complete, the product was washed with diethyl ether and
sodium choride solution. HEJA was obtained by base catalyzed amidation of JO. HEJA is an amide, functionalized
with two hydroxyl groups and a pendant alkyl chain of oil.

2.3 S
 ynthesis of Jatropha oil polyesteramide
(JPEA)/MMT clay composites and their
coatings
The formation of JPEA and its composite occurred by a
one-pot, two-step reaction. MMT clay was soaked for 24 h
in deionized water before the reaction. HEJA (0.028 mol),
MMT (1–4 wt% on the weight of HEJA) and methanol were
placed in a three-necked flask and vigorously stirred for
90 h at 50°C. This was done for proper mixing of the MMT
clay with a monomer. After this time period, phthalic anhydride (0.028 mol) was added in the same reaction flask in
small pinches, and the reaction temperature was raised to
180°C; the reaction was continued at this temperature for
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5 h. The reaction was monitored by recording acid values
and by FTIR taken at regular intervals. A series of polyesteramide resins, JPEA-1, JPEA-2, JPEA-3 and JPEA-4 was prepared, where the last digit indicated the percent loading of
MMT. A similar reaction was performed without the addition of MMT, to prepare plain JPEA. In this reaction, JPEA
preparation and the clay intercalation/exfoliation in the
polymer occurred in a one-pot (in same reaction vessel).
HEJA hydroxyls reacted with carboxylic groups of phthalic
anhydride forming JPEA, followed by intercalation/exfoliation of MMT clay in the polymer. JPEA, JPEA-1, JPEA-2,
JPEA-3 and JPEA-4 were applied on MS strips and were
baked/stoved at 200°C for 1 h, to prepare their coatings.

3 Results and discussion
HEJA was treated with phthalic anhydride and MMT clay,
in different percentages (1–3 wt%) producing polyesteramide composites. In the first step, HEJA reacted with
phthalic anhydride forming JPEA as shown in Scheme
1, followed by the interaction of synthesized JPEA with
MMT clay platelets. Beyond 3 wt%, the coating properties deteriorated, thus only composites up to 1–3 wt%
clay inclusions are studied here. Acid values (8–12, 18)
decreased from JPEA to JPEA-3, the trend showed
descending order from JPEA > JPEA-1 > JPEA-2 > JPEA-3.
Refractive index values (1.5024, 1.5300, 1.5310–1.5312)
increased from JPEA to JPEA-3, the trend showed
ascending order from JPEA < JPEA-1 < JPEA-2 < JPEA-3.
These values show noticeable increase, on increasing
the amount of MMT clay.

3.1 FTIR
The FTIR spectrum of JO (Figure 1) shows the characteristic absorption bands at 3009 cm−1 (-C=C-CH, str.), 2918,
2853 cm−1 (-CH3, CH2 sym and asym str.), 1750 cm−1 (>C=O,
str of ester carbonyl), 1235, 1161 cm−1 (-C-O str of triester). In
HEJA (Figure 1), along with the absorption bands observed
in JO at 3007 cm−1 (-C=C-CH-, str), 2924, 2853 cm−1 (-CH3,
CH2 sym and asym, str.), additional absorption bands are
observed at 3349 cm−1 (-OH), 1621 cm−1 (amide carbonyl)
along with the suppression of bands at 1750 (>C=O, str of
ester carbonyl), 1235,1161 [-C-C-(=O)-O-C str. of ester], that
supports the amidation reaction at ester groups of JO, and
the formation of amide diol.
In the spectrum of JPEA (Figure 1), characteristic
absorption bands at 3425 cm−1 (broad OH), 1730 cm−1 (>C=O
ester), 1637 cm−1 (>C=O, amide), 1273, 1138 cm−1 (-C-O ester
str), 1070 cm−1 (C-O primary alcohol), 1600–1580 cm−1 and
746 cm−1 (Ar-C=C-H) appear along with the bands occurring in the spectrum of JO. These peaks support the esterification reaction of HEJA with phthalic anhydride forming
polyesteramide resin. MMT clay (Figure 2) shows peaks
at 3694–3620 cm−1 (OH stretching of Al-OH), 1630 cm−1
(hydrogen bonded water bending), 1018 cm−1 (broad Si-O
stretching), 542 cm−1 (Si-O-Al bending), 468 cm−1 (Si-O-Si
stretching) (40). The spectrum of JPEA-3 shows the peaks at
3383 cm−1 (broad, OH), 1725 cm−1 (>C O, ester), 1614 cm−1 (>C
O, amide carbonyl), 1275 cm−1 (-C-O- ester), 1071–1050 cm−1
(Si-O str. and C-O- primary alcohol), 1105 (Si-O-Si, asym
str.), 528 cm−1 (Si-O-Al) and 449 cm−1 (Si-O-Si sym str.). The
shifting of bands is observed in the case of hydroxyls, esters
and amide carbonyls, respectively, in JPEA-3 as compared
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Scheme 1: Synthesis of JPEA.
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Figure 1: FTIR spectra of Jatropha oil, HEJA and JPEA.
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Figure 3: TEM micrograph of JPEA-3.
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clay is observed in the 2θ range from 5 to 40° (53), showing
that the clay platelets are well intercalated by polyesteramide chains (54).
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Figure 2: FTIR spectra of pure MMT and JPEA-3.

to JPEA, due to hydrogen bonding between these functional
groups in JPEA-3 backbone and OMMT.

3.2 TEM analysis
The TEM micrograph (Figure 3) of JPEA-3 reveals that
(dark) nanometer sized clay platelets are surrounded by a
(gray) sheath of JPEA chains, which shows that there are
greater interactions occurring between JPEA chains and
MMT clay platelets (as also supported by FTIR results)
arising due to the intercalation of clay platelets by JPEA
chains (1.50). There are polar groups (free hydroxyls and
carboxyls) present in JPEA backbone that allow for hydrogen bonding with clay platelets. In X-ray diffraction (XRD)

Figure 4A–C show the topography of JPEA, JPEA-3 and
JPEA-3 after exposure to salt spray test/3.5 wt% NaCl,
respectively. The topography of JPEA shows a smooth
surface with nanoscale roughness (15 nm) and surface
uniformity, while JPEA-3 also shows smooth surface and
nanoscale roughness (20 nm) and surface uniformity of
the coating after the addition of 3% OMMT in JPEA. JPEA-3
image very clearly indicates that clay particles are evenly
dispersed in the polymer matrix. There seems to be a good
connection between clay particles and the polymer resin.
This also indicates improvement in the properties of corrosion resistance. The AFM topography image (Figure 4C)
after exposure in 3.5 wt% NaCl solution indicates the
coating surface with nanoscale roughness (35 nm) and
shows some defects in coatings like pinholes, pores and
increased surface roughness.

3.4 Thermal analysis
TGA thermograms of JPEA and JPEA-3 are shown in
Figure 5. The initial 5 wt% loss observed at 279°C to 316°C
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Figure 4: (A) AFM topographic image of JPEA coating, (B) AFM topographic image of JPEA-3 coating, (C) AFM topographic image after
exposed JPEA-3 coating surface in the salt spray chamber.

can be correlated to the evaporation of the trapped moisture. A 10 wt% loss was observed at 318°C and 345°C in
JPEA, and JPEA-3, 50 wt% loss due to thermal degradation was observed at 425°C in JPEA and at 441°C in JPEA-3,
respectively. DTG thermograms (Figure 6) of JPEA and
JPEA-3 show one endothermic peak starting from 250°C
to 550°C and centered at 432°C. This endothermic peak is
centered in the temperature range corresponding to 50%
weight loss in the TGA thermogram. In JPEA-3, degradation temperatures are higher compared to those observed

in JPEA. In JPEA and JPEA-3, the corresponding residues
(10.57%, 7.311%) are also observed in their respective thermograms. The composite coatings show higher thermal
stability than plain JPEA. This is a consequence of good
interfacial interactions between JPEA and MMT clay platelets in composite coating, barrier property and heat insulation offered by MMT platelets. These composite coatings
may be safely employed up to 275°C.
DSC thermograms of JPEA and JPEA-3 (Figure 7)
show the first endothermic event at approximately 75°C,
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correlated to melting of the resin, followed by another two
broad endotherms between 246°C–360°C and 370°C–450°C,
followed by an exotherm. These events may occur due to
the configurational changes in polymers under the effect
of temperature, such as the melting of polymer chains,
chain scission or thermal degradation.
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Figure 5: TGA thermogram of JPEA and JPEA-3.
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The coatings were prepared by baking/stoving at 200°C
for 1 h. The thickness of the coatings was found to be
155–180 μm. The scratch hardness values of coatings
increased from JPEA (1.5 kg), JPEA-1 (2.0 kg), JPEA-2 (2.5
kg) and JPEA-3 (3.0 kg), beyond which the scratch hardness value deteriorated. The pencil hardness values
were found to be 2B (JPEA), 3H (JPEA-1), 5H (JPEA-2), 5H
(JPEA-3) and deteriorated beyond JPEA-3. The deterioration in performance beyond 3 wt% loading of MMT is a
consequence of agglomeration of clay platelets at higher
loading. The coatings showed good impact resistance (150
lb/inch), bending ability (1/8 inch) and cross hatch test
showed 100%. The thickness of JPEA, JPEA-1, JPEA-2 and
JPEA-3 coating ranged between 116 and 150 ± 5 μm.
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3.6 Corrosion studies
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Figure 6: DTG thermogram of JPEA and JPEA-3.

Tafel polarization studies (Figure 8) of bare MS, JPEA1,JPEA-2, and JPEA-3 coated MS were conducted after
immersion for 240 h in 3.5 wt% NaCl solution. Corrosion
parameters about the corrosion potential (Ecorr), corrosion
rate (CR), polarization resistance (Rp), corrosion current
density (Icorr) were measured by the Tafel extrapolation
method. The Tafel polarization curves demonstrate that
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Figure 8: Tafel graph of bare MS and JPEA coated MS in 3.5% HCL.
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Table 1: Tafel analysis parameters of JPEA composite coated and bare mild steel in different corrosive media.
Code

Medium

MS
JPEA
JPEA-1
JPEA-2
JPEA-3
MS
JPEA
JPEA-1
JPEA-2
JPEA-3
MS
JPEA
JPEA-1
JPEA-2
JPEA-3

3.5%NaCl
3.5%NaCl
3.5%NaCl
3.5%NaCl
3.5%NaCl
3.5%HCl
3.5%HCl
3.5%HCl
3.5%HCl
3.5%HCl
Tap water
Tap water
Tap water
Tap water
Tap water

Ecorr (mV)
−770.84
−712.49
−613.84
−565.10
−160.14
−468.50
−510.42
−481.93
−27.23
30.25
−571.09
−162.67
−137.56
−112.45
−5.16

Icorr (mA/cm2)

Ba (mV)

Bc (mV)

CR (mm/year)

Rp (Ohm.cm2)

0.063
1.629E−03
1.082E−07
1.179E−07
3.478E−06
2.207
8.026E−03
8.737E−03
2.817E−07
4.954E−07
3.441E−03
3.797E−07
3.717E−07
2.425E−06
6.637E−08

37.390
26.167
39.320
38.413
54.467
81.606
78.158
57.710
46.487
52.167
39.168
59.806
41.593
48.693
60.380

27.124
31.082
40.535
44.009
72.944
57.049
75.514
51.127
43.943
60.364
53.567
65.522
38.525
48.981
61.757

0.738
1.888E−02
1.254E−06
1.213E−06
4.031E−06
25.588
9.302E−02
10.125E−02
3.265E−06
5.741E−06
3.988−02
4.401E−06
4.308E−06
2.810E−05
7.693E−07

107.230
3790.900
8.019E+7
7.567E+7
3.898E+6
6.612
2080.500
1349.100
3.487E+7
2.456E+7
28.584E+5
3.581E+7
2.340E+7
43.788E+5
2.000E+8

the JPEA-1, JPEA-2 and JPEA-3 composite coatings cause a
positive displacement in Ecorr, relative to the value of the
bare MS and JPEA coating. Table 1 indicates the corrosion
parameters for bare MS and coated MS. It is clear Ecorr, Rp
increases from bare MS to JPEA, JPEA-1, JPEA-2 and JPEA-3
and Icorr decreases. These results indicate JPEA coating can
act as a protective barrier of MS and improve the corrosion
performance, on increasing the amount of clay. This shift in
the corrosion potential confirms the good protection of the
MS by the barrier action of coatings. Tafel measurements
clearly show a substantial reduction in CR for JPEA-3 coated
MS (4.031E-06 mpy) with respect to bare MS (0.738 mpy).
Figure 9, shows the potentiodynamic polarization
curve after immersion for 195 h in 3.5 wt% HCl corrosive
media. Ecorr values of JPEA, JPEA-1, JPEA-2 and JPEA-3
coated MS are −468, −510.42, −481.93, −27.232 mV and
30.252 mV, respectively. These values shifted to more

positive values, while increasing the amount of OMMT
in JPEA than bare MS. In contrast, Table 1 indicates that
Icorr values of JPEA, JPEA-1, JPEA-2 and JPEA-3 coated MS
decreased gradually and Rp values increased. The Ecorr,
Icorr, Rp values trends shown here indicate the corrosion
resistant nature of the composite coating. The MS coated
with composite coatings show remarkable improvement
in corrosion resistance properties of bare MS surface. It is
therefore due to the presence of clay platelets in the JPEA
matrix that act as a protective agent and reduce the interaction between Cl ions and MS surface (53).
The Tafel polarization curve (Figure 10), indicates
corrosion protection of JPEA, JPEA-1, JPEA-2 and JPEA-3
nanocomposite coatings on MS. The determination of
Ecorr, Rp and Icorr values was performed after immersion
of coated samples in tap water (Cl− ion 164 ppm) for 30 h.
As listed in Table 1, JPEA, JPEA-1, JPEA-2, JPEA-3 coated MS
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samples exhibits higher Ecorr (−571.09, −162.67, −137.56,
−112.45, −5.1627 mV) value than the bare MS (−571.09 mV).
The Ecorr values of nanocomposite coated panels increase
with increasing the amounts of clay and also show higher
values of Rp and smaller values of Icorr than JPEA coated
MS strips. Again, these effects are enhanced as the clay
loading is increased up to 3 wt%, revealing that anticorrosive property of the JPEA film has been enhanced due
to the dispersion of clay in JPEA. The corrosion protection
effect is attributed to an increase in tortuosity of the diffusion pathways of water and oxygen molecules due to the
presence of the dispersed silicate particles (40).
Corrosion resistance processes of polymeric coating
are barrier protection for corrosive ions. The composite
coatings provide protection to the metal substrate in the
following ways: (i) the presence of the pendant alkyl chain
of JO, polar functionalities in JPEA coatings bring strong
interactions between the coating and MS substrates
leading to the formation of well-adhered and compact
coating on the metal surface, (ii) the clay platelets present
in JPEA act as a barrier for the corrosive ion to the metal
interface and act as a filler providing a locking effect at
the interstitial spaces. Hence, the protection mechanism
for composite coatings was governed by adhesion, barrier
and locking effects of nanofillers, which inhibits the corrosion ions permeability, and enhances the corrosion-protection efficiency of coatings (55, 56).

4 Conclusions
Jatropha polyesteramide was reinforced with clay platelets that improved the physico-mechanical and corrosion
resistance performance of the polyesteramide composite
coatings. The thermal stability of the composite coatings
was better than the plain Jatropha polyesteramide coatings. The coatings performed well when tested under acid,
salt and tap water as corrosive media. The mechanism of
corrosion protection followed barrier action, wherein the
coatings provided barrier to the permeability of corrosive
media. These coatings can be safely employed up to 275°C.
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