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Development of a poly(urethane-malonic-esteramide) coating
from corn oil and carbon nanotubes for corrosion resistant
applications
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Nanotechnology, King Saud University, Riyadh, Saudi Arabia

ABSTRACT
Poly(urethane-malonic-esteramide) (PUMEA), a novel resin synthesized from
corn oil-based fatty amide, malonic acid, and isophorone diisocynate, was
modified by introducing different amounts of multi-walled carbon nano-
tubes (MWCNTs) into the polymer matrix and cured at room temperature.
The chemical structure and surface morphology were characterized by
Fourier-transform infrared spectroscopy, nuclear magnetic resonance, and
field emission scanning electron microscopy, and thermal analysis was car-
ried out by thermogravimetric analysis and differential scanning calorim-
etry. The PUMEA/MWCNTs composites were coated on mild steel panel
and cured at room temperature. Hydrophobicity and physico-mechanical
properties of the coatings were extracted by measuring contact angle,
scratch and pencil hardness, bending, cross-hatch adhesion, impact, and
gloss. The corrosion resistance was proved measuring the potentiodynamic
polarization and electrochemical impedance of a PUMEA-coated mild steel
panel immersed in a 3.5wt% NaCl solution for 40 days. Thermal studies
revealed that the PUMEA coating can be safely used up to 250 �C.
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Introduction

Polymer coatings are the best corrosion protection for mild steel. Among polymer coatings, dif-
ferent materials are commonly used, including alkyd, polyesteramide, polyetheramide, polyes-
ter,[1,2] polyurethane,[3,4] polyepoxy,[5] nanoparticle-containing polymeric materials, and polymer
composites.[6,7] Polyurethane is an important class of polymers commonly used in furniture, foot-
wear, and the automotive industry.[8] Despite its wide range of applications, the production of
polyurethane presently depends on petroleum-based polyols.[9] Recently, because of environmen-
tal and economic concerns, the preparation of polyols from sustainable resources such as lignin,
vegetable oil, starch, cellulose, and chitosan has received increasing attention.[4,10,11] Developing
sustainable polyols from vegetable oil-based materials is a step toward a solid and durable pro-
duction of polymer coatings characterized by intrinsic renewability, easy modifiability, and rela-
tively low cost.[12,13] In the preparation of sustainable polymeric materials, different vegetable oils
have been used as raw materials, including soybean, palm, rapeseed, castor, linseed, pongamia,
and sunflower oil.[13,14] However, vegetable oil-based polyesteramide, polyetheramide, polyepoxy,
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and polyurethane have poor physico-mechanical properties and thermal stability.[15] To improve
the properties of vegetable oil-based polymeric materials, different ceramic particles are used,
such as CeO2,

[16] SiO2,
[17–19] Al2O3,

[20] ZnO, TiO2,
[19,21,22] CaCO3, and multi-walled carbon

nanotubes (MWCNTs).[17,23–29]

Malonic (propanedioic) acid is an aliphatic dicarboxylic acid used as a precursor in biosyn-
thesis. In particular, malonic acid is used in the synthesis of cinnamic acid and, in the pharma-
ceutical and food industries, in the preparation of fragrances, adhesives, lubricants, polyamides,
polyesters, and biodegradable thermoplastics.[29–33] Introducing nanofillers into polymeric organic
coatings can improve their barrier performance by decreasing their porosity and reducing the dif-
fusion path of deleterious species.[34–36] Thus, polymeric coatings containing MWCNTs are
expected to have significant barrier performance, providing protection from corrosion, reducing
blistering and delamination, and improving the physico-mechanical properties of mild
steel.[23,36–40]

This study focuses on the use of corn oil-fatty amide diol for developing renewable resource-
based poly (urethane-malonic-esteramide) (PUMEA). PUMEA has been sparsely studied in
research. It is obtained from treating polyesteramide, in turn obtained from the reaction of corn
oil (58–62% linoleic acid) in fatty amide diol with malonic acid, with isophorone diisocynate
(IPDI). To further improve the mechanical and thermal properties of PUMEA, MWCNTs were
introduced to obtain a PUMEA/MWCNTs nanocomposite. As a polymeric composite coating, the
PUMEA/MWCNTs nanocomposite has not been previously investigated in the development of
corrosion-resistant coatings. Additionally, MWCNTs are used to prepare a PUMEA/MWCNTs
nanocomposite for corrosion protection for the first time. The PUMEA and PUMEA/MWCNTs
composites prepared are characterized by Fourier-transform infrared spectroscopy (FTIR), nuclear
magnetic resonance (NMR), field emission scanning electron microscopy (FESEM), and by meas-
uring contact angle, potentiodynamic polarization, and electrochemical impedance.

Experimental methods

Materials

Corn oil (Afia International Company, Jeddah, Saudi Arabia), malonic acid (Sigma Aldrich,
USA), isophorone diisocynate (IPDI) (Acros Organic, USA), diethanolamine (Riedel-deHaen,
Germany), methanol, toluene, sodium (BDH Chemicals, Ltd. Poole, England), and MWCNTs
(NanocylVR -7000, Nanocyl Korea Ltd., Seoul, South Korea; average diameter: 9.5 nm, length:
1.5lm, purity > 99wt%) were used to synthesize PUMEA and PUMEA/MWCNTs
nanocomposites.

Synthesis of N,N-bis(2-hydroxyethyl) corn oil fatty amide

N,N-bis(2-hydroxyethyl) corn oil fatty amide (HECA) was synthesized following the previously
published recipe.[41]

Synthesis of malonic polyesteramide

HECA (0.1mol) and malonic acid (0.08mol) were dissolved in toluene and placed in a four-neck
round-bottomed flask equipped with a Dean-Stark trap, nitrogen inlet tube, thermometer, and
magnetic stirrer. The reactants were heated to 150 �C and stirred until the expected amount of
water was stored in the Dean-Stark trap. The reaction was monitored by thin layer chromatog-
raphy (TLC) and by measuring the acid value. After the reaction, the solvent was evaporated in a
rotary vacuum evaporator under reduced pressure to obtain malonic polyesteramide (MPEA).[41]
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Synthesis of poly(urethane-malonic-esteramide)

MPEA and IPDI (25wt%, 30wt%, 35wt%, 40wt%, and 45wt%) were dissolved in toluene and
placed in a round-bottomed flask equipped with a thermometer, condenser, nitrogen inlet tube,
and magnetic stirrer. The reaction was carried out at 110 �C under stirring and monitored by
TLC and by measuring the hydroxyl value. The solvent was evaporated in a rotary vacuum evap-
orator under reduced pressure to obtain PUMEA.

Synthesis of poly(urethane-malonic-esteramide) with multi-walled carbon nanotubes

To synthesize the PUMEA/MWCNTs nanocomposite, PUMEA prepared with 40wt% IPDI was
loaded with 0.4 wt%, 0.6 wt%, 0.8 wt%, and 1.0 wt% MWCNTs and mixing with mechanical mixer
(Dispers Master, Sheen Instruments. Ltd., UK) at 3000 rpm for 1 h. After complete mixing, sonic-
ation was performed at 55 �C for 1 h before the urethane reaction to obtain PUMEA-0.4,
PUMEA-0.6, PUMEA �0.8, and PUMEA �1.0, respectively, following the same procedure used
for the preparation of PUMEA.

Characterization

FTIR spectra of MPEA and PUMEA were taken on FTIR spectrophotometer (Spectrum 100,
PerkinElmer, USA) using NaCl window. 1H and 13C NMR spectra were recorded by a Jeol
DPX400MHz spectrometer (Japan) using deuterated dimethyl sulfoxide (DMSO-d6) as solvent
and tetramethylsilane (TMS) as internal standard. Thermal analysis was performed by thermogra-
vimetric analysis (TGA) and differential scanning calorimetry (DSC) (TGA/DSC1, Mettler Toledo
AG, Analytical CH-8603, Schwerzenbach, Switzerland) in nitrogen atmosphere. In DSC, around
2–3mg sample was kept in an aluminum pan and sealed with cover and the sample was run
from 25 �C to 400 �C with heating rate 10 �C/min and nitrogen flow (50ml/min). In TGA,
4–5mg of sample was kept in alumina crucible with cover, and the sample was run from 25 �C to
600 �C with heating rate 10 �C/min and nitrogen flow (50ml/min). The morphology was studied
by SEM (JED-2200 Series, Jeol, Japan). PUMEA coated sample was sputter-coated with gold prior
to surveillance under the microscope and operated at 15 kV.

Coatings of PUMEA were prepared by application of the prepared resin on mild steel panels
of standard sizes. The mild steel panels were first cleaned with silicon carbide paper and
degreased by alcohol and acetone, prior to application of PUMEA coatings over these. PUMEA,
PUMEA-0.4, PUMEA-0.6, PUMEA �0.8, and PUMEA �1.0 resins were dissolved in 40% solu-
tion of toluene and applied by brush technique on cleaned and degreased mild steel panels.
PUMEA-coated panels were dried for 5min and hardened for 15 days at 27 �C. After 15 days, the
curing reaction was completed, and the panels were subjected to physico-mechanical and corro-
sion tests. Physico-mechanical properties of PUMEA coated mild steel panels were observed using
impact resistance (IS: 101 part 5 sec 3, 1988), scratch hardness (BS 3900), crosshatch adhesion
(ASTM D3359-02), conical mandrel bend (ASTM D3281-84), and pencil hardness test (ASTM
D3363) using a Wolff–Wilborn tester (Sheen Instruments, England). The thickness and gloss of
the PUMEA coatings were also measured using an Elcometer coating thickness gauge (Model
456; Elcometer Instruments, Manchester, UK) and a glossmeter (KSJ MG6-F1, KSJ Photoelectrical
Instruments Co., Ltd. Quanzhou, China), respectively. The hydrophobicity of PUMEA was
observed using distilled water drop (3 mL) on a coated panel and estimated from contact angle
measurements using a CAM 200 Attention goniometer. Potentiodynamic polarization (PDP) and
electrochemical impedance spectroscopy (EIS) measurements were performed in a three-electrode
system at ambient temperature in a corrosive 3.5 wt% NaCl solution, using a PUMEA-0.8-coated
mild steel sample as the working electrode, a platinum counter-electrode, a KCl-filled silver
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reference electrode, and an Autolab potentiostat/galvanostat (PGSTAT204-FRA32) with the
NOVA 2.1 software (Metrohom Autolab B.V. Kanaalweg 29-G, 3526KM, Utrecht, The
Netherlands). The surface area of the PUMEA-0.8-coated sample exposed was fixed to 1.0 cm2

using a PortHoles electrochemical sample mask. The PDP (Tafel) curve was obtained at a scan-
ning rate of 10mV/s in the potential range ±250mV with respect to the open circuit potential.
The EIS measurements were carried out in the 1–105 Hz frequency range, with an amplitude of
the sinusoidal voltage of 10mV. The impedance data were analyzed and fitted with the NOVA
2.1 software. Each corrosion test on PUMEA-0.8-coated mild steel was repeated three times to
ensure reproducibility.

Results and discussion

Scheme 1 and 2 display the synthesis of MPEA and PUMEA. MPEA was obtained from the reaction
of HECA and malonic acid. The free hydroxyl groups of MPEA reacted with IPDI to obtain PUMEA,
and MWCNTs were added in different weights to obtain a sequence of nanocomposites with increas-
ing MWCNT content. The structure of MPEA and PUMEA was characterized by FTIR and NMR.

Spectral analysis

FTIR (cm21), MPEA: 3390.58 (OH); 1740.23 (C¼O, ester); 1625.86 (C¼O, amide); 3008.20
(chain unsaturation); 2925.72 (CH2 stretching (str.) asymmetrical); 2854.67 (CH2 str.

Scheme 1. Synthesis of MPEA.
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symmetrical); 1465.63 (C–N, str.); 1172.18, 1053.10 (–C(CO)O–C–, stretching); 859.54, 722.66,
607.86 (CH, bending) (Figure 1). PUMEA: 3221.06 (NH, str.); 2256.21 (free NCO); 1723.36
(C¼O, urethane, ester); 1633.80 (C¼O, amide); 1464.11 (CN, stretching); 1365.39, 1305.52,
865.76 (ring of IPDI); 774.32 (NH, bending) (Figure 1).

1H NMR (DMSO-d6, d), MPEA: 0.807–0.831 (–CH3); 1.207 (–CH2–); 1.464 (–CO–CH2–CH2–);
1.994 (–CH2–CH¼CH–); 2.263 (–CO–CH2–); 2.689–2.704 (–CH ¼CH–CH2–CH¼CH–); 3.021
(–CO–CH2–CO–); 3.305 (>N–CH2–CH2–OH); 3.439–3.452 (–CH2OH>NCH2–CH2–O–CO–);

Scheme 2. Synthesis of PUMEA.
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4.049–4.060 (–CH2–O–CO–CH2–); 4.725–4.755 (CH2–CH2–OH); 5.260–5.283 (–CH¼CH–)
(Figure 2). PUMEA: 7.954 (NH, urethane); 4.151 (–CH2–CONH); 1.220 (NH–CH2-attached to cyc-
lic ring); 3.302 (cyclic-CH–NCO); 1.466 (CH2, cyclic); 0.967 (–CH3 attached cyclic ring) (Figure 3).

13C NMR (DMSO-d6, d), MPEA: 13.727–13.813 (–CH3); 20.052 (–CH2–CH3); 22.034
(–CO–CH2–); 26.642 (–CH2–CH¼CH–); 28.08–29.199 (¼CH–CH2–CH2); 44.301 (–CO
–CH2–CO–);48.161 (>N–CH2–CH2–OH); 51.490 (>N–CH2–CH2–O–CO–); 58.891 (–CH2–OH);
59.082 (>N–CH2–CH2–O–CO–); 127.596–129.609 (–CH¼CH–); 169.851–170.261 (CO, ester);
171.997–172.569 (>CO, amide) (Figure 4). PUMEA: 157.543 (CONH); 155.240 (free NCO);
66.342 (–CH2CONH); 48.761 (>N–CH2–CH2–CONH); 20.783–38.012 (C, cyclic) (Figure 5).

Morphological observation

The FESEM images of Figure 6A,B display the cylindrical structure of MWCNTs in two magnifi-
cations, respectively, 1 mm and 100 nm. Figure 6C and D show FESEM images of 0.4wt%
MWCNTs uniformly dispersed in the PUMEA matrix without conglomeration. Thus, MWCNTs
provide wettability to the PUMEA matrix.[42,43] Generally, it is assumed that the interaction
between individual MWCNTs with large surface area is van der Waals’ forces of attraction;
whereas between MWCNTs and PUMEA good interfacial adhesion is responsible for better dis-
persion of MWCNTs in PUMEA matrix. Additionally, we observed that the PUMEA-0.8 coating
is the one best adhering to the mild steel substrate, improving its physico-mechanical properties.
Figure 8 The SEM image (Figure 7) of PUMEA-0.8 coating were taken after immersion in
3.5wt% NaCl solution, which showed the coating was unaffected with salt deposition (except
some white spots) on the surface and there was a slight loss in gloss, however the ions could not
penetrate through PUMEA-0.8 coating, which did not show any dissolution.

Contact angle measurements

Figure 8 shows images of water drops on the surface of PUMEA and MWCNTs-modified
PUMEA, displaying the evolution of the contact angle from PUMEA to PUMEA-1.0 composites
for increasing contents of MWCNTs. The contact angle of PUMEA, PUMEA-0.4, PUMEA-0.6,
PUMEA-0.8, and PUMEA-1.0 was respectively 84�, 104�, 107�, 109�, and 110�. As can be seen,
the values of the contact angle values increased in MWCNTs-modified PUMEA. This is because

Figure 1. FTIR spectra of MPEA and PUMEA.
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of its lower surface energy with respect to PUMEA and because of the hydrophobic nature of
MWCNTs. The different interfacial wettability in MWCNTs-modified and PUMEA coatings is
attributed to a change in polarity of the coating surface in presence of the MWCNTs. The greater
hydrophobicity of the MWCNTs-modified coatings means that these materials can be applied as
anti-corrosion coatings.[44,45]

Physico-mechanical characterization

The PUMEA, PUMEA-0.4, PUMEA-0.6, PUMEA-0.8, and PUMEA-1.0 coatings were dried at
room temperature. The thickness of the coating was found to be 170 ± 5 mm. The scratch hardness
values of PUMEA, PUMEA-0.4, PUMEA-0.6, PUMEA-0.8, and PUMEA-1.0 were 1.8 kg, 2.0 kg,
2.5 kg, 2.8 kg, and 2.7 kg, respectively, beyond which the scratch hardness deteriorated. The pencil
hardness values were, respectively, measured 2B, 2H, 4H, 6H, and 5H, deteriorating beyond
PUMEA-0.8, i.e., beyond a 0.4 wt% loading of MWCNTs in the PUMEA resin. The gloss values
at 45� were found to be 68 (PUMEA), 72 (PUMEA-0.4), 75 (PUMEA-0.6), 85 (PUMEA-0.8), and
90 (PUMEA-1.0). The PUMEA and MWCNT-modified PUMEA coatings displayed good bending
(1/8 inch), impact resistance (150 lb/inch), and cross-hatch (100%) results. These results for

Figure 2. 1H NMR spectra of MPEA.
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MWCNTs-modified PUMEA are attributed to an increased crosslinking density and rigidity pro-
vided by the carbon nanomaterials. However, when the content of MWCNTs was equal to or
over 1.0 wt%, the physico-mechanical properties decreased dramatically. This may be because of
an insufficient interaction between PUMEA and carbon and because the interface energy and the
large surface area of the MWCNTs impede their homogeneous distribution in the
PUMEA coatings.[46]

Polarization measurements

Polarization curves are measured for PUMEA-0.8 in a 3.5% NaCl aqueous solution, and the elec-
trochemical parameters extracted from them are reported in Table 1. Figure 9 shows the polariza-
tion curves measured at different immersion times (4–40 days) with 4-day intervals. For all
immersion times, both oxidation and reduction branches are clearly observed in the Tafel curves,
and the redox reactions occurring in the two branches can be related to corrosion of the metal
surfaces and passivation of the PUMEA-0.8 coating, respectively. To verify this, the Tafel region
is extrapolated from the cathodic and anodic polarization curves and used to compute the corro-
sion rate and reduction behavior of the PUMEA-0.8 coating. The Tafel curves shown in Figure 9
have been calculated in terms of the Ecorr and Icorr parameters reported in Table 1. The Ecorr par-
ameter decreases continuously from �0.257V to �0.593V for increasing immersion times (from
4 to 40 days), whereas Icorr increases from 6.554 E-08 to 1.166 E-06. Meanwhile, the corrosion
rate increases and the polarization resistance decreases, indicating that the PUMEA-0.8 coating is
corrosion-resistant. After 32 days, the corrosion rate rapidly increases, indicating that corrosive
ions penetrate the PUMEA-0.8 coating. Before this, no effect of corrosion was observed, because
the PUMEA-0.8 coating is hydrophobic and well-adhered, having a compact, uniform, and

Figure 3. 1H NMR spectra of PUMEA.
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crosslinked structure that provides an impermeable barrier. The presence of MWCNTs in the
organic polymer matrix of PUMEA acts as an additional strong barrier because of the hydropho-
bic nature of the carbon filler.[47,48]

EIS measurements

The barrier and corrosion properties of PUMEA-0.8-coated mild steel in a 3.5% NaCl solution
were measured by EIS at different immersion times The impedance was extracted from the open
circuit potential (OCP), potentiostatically maintained during the measurements. The OCP values
for the PUMEA-0.8 coating at different immersion times (from 4 to 40 days) are reported in
Table 2. From this, it is clear that a longer immersion time resulted in OCP decreasing. The
increasingly negative OCP values indicate diffusion of the corrosive electrolyte to the coating/
mild steel interface. According to these results, the OCP of PUMEA-0.8 is higher after 4 days

Figure 4. 13C NMR spectra of MPEA.
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than for longer immersion times (8–40 days). This is because of the effective barrier provided by
the MWCNTs-modified PUMEA-0.8 film, which deteriorates for increasing immersion times as
corrosive ions diffuse toward the mild steel substrate.

The Nyquist and Bode plots of PUMEA-0.8 are displayed in Figures 10 and 11. In the former, only
one semicircle is seen, and Warburg impedance can be seen in the latter after 4 days immersion. This
suggests that, in these samples, the electrochemical action is mainly controlled by the ionic resistance
(barrier effect) of the PUMEA-0.8 coating. As can be seen in Figure 11, the modulus of the PUMEA-
0.8 impedance is greater than 105 X cm2 following 4 days immersion, and the phase angle is approxi-
mately 85� in the high-frequency region. The capacitive performance can be extracted from the Bode
phase diagrams of these samples, in the 1–105Hz frequency range. The PUMEA-0.8 coatings display
good barrier properties at the primary immersion stage (4 days). When the immersion time increases,
the coating barrier deteriorates, as seen from the capacitive performance in the 1─102Hz frequency
range of the Bode phase diagrams. This is attributed to the PUMEA-0.8 coating degrading following
exposure to the 3.5wt% NaCl solution up to 40days, as a consequence of corrosive ions diffusing to
the mild steel substrate. Two-time constants can be extracted from the Bode and Nyquist diagrams of
PUMEA-0.8, respectively, after 40days of immersion. This observation illustrates that the PUMEA-0.8
coating degradation results in a decrease of its barrier properties, allowing corrosive ions to reach the
substrate. The results show that incorporating MWCNTs in the PUMEA coating improves the barrier.

To investigate the Nyquist plot, the electrical equivalent circuits of Figure 12 were used to
model the impedance. The parameters corresponding to the circuits used to fit the experimental
data are shown in Table 2, where OCP, Rs, Rct, Cc, and Y0 are the open circuit potential, solution
resistance, charge transfer resistance, coating capacitance, and Warburg of PUMEA-0.8 coating,

Figure 5. 13C NMR spectra of PUMEA.
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respectively. The values of the impedance at low and high frequency correspond to coating resist-
ance and coating capacitance, respectively. It can be seen from Figure 10 and Table 2 that the fre-
quency range decreases as the immersion time increases, indicating a continuous diffusion of
corrosive ions into the PUMEA-0.8 coating. It is clear from these results that the incorporation
of MWCNTs into the PUMEA-0.8 coating provides a strengthened and anticorrosive barrier. The
plot of the PUMEA-0.8 impedance after 40 days immersion indicates that corrosive ions penetrate
the coating; thus, the shielding properties of this importantly deteriorated. The Warburg constant,
which can be extracted from the Nyquist plot, indicates that the diffusion current played a signifi-
cant role in electrochemical corrosion route and that the corrosive ions penetrated the coating
and reached the metal substrate. The results of Table 2 indicate that the MWCNTs considerably
improved the corrosion protection properties of PUMEA, filling the voids and pores of the poly-
mer matrix where corrosion of the coating can initiate. Another important parameter to evaluate
the corrosion protection properties of the PUMEA-0.8 coating is the frequency at 45� phase angle
in Bode plots. This is related to the microscopic delaminated parts of the coating.[45–51]

Thermal analysis

The TGA thermograms of the PUMEA and PUMEA-0.8 nanocomposite coatings are shown in
Figure 13. A 5% weight loss related to trapped solvent is observed at 275 �C and 267 �C, respect-
ively, and the 13% weight loss respectively measured at 322 �C and 445 �C is associated with

Figure 6. FE SEM images (and size) of (A) MWCNTs (1 mm), (B) MWCNTs (100 nm), (C) PUMEA-0.8 (1 mm), and (D) PUMEA-
0.8 (100 nm).
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thermal degradation. The DTG thermograms of PUMEA and PUMEA-0.8 shown in Figure 14
display two decomposition steps. The first decomposition peak in PUMEA is centered at 322 �C,
ranging between 212 �C and 381 �C. The peak in this range is related to the 13% weight loss of

Figure 8. Images of a water drop on the surface of (A) PUMEA, (B) PUMEA-0.4, (C) PUMEA-0.6, (D) PUMEA-0.8, and (E)
PUMEA-1.00.

Figure 7. SEM micrograph of PUMEA-0.8 after immersion in 3.5 wt. % NaCl solution.
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the TGA thermogram. For PUMEA-0.8, the first decomposition peak is centered at 324 �C and
ranges between 220 �C and 385 �C. The second decomposition peak is centered at 476 �C, extend-
ing from 381 �C to 550 �C, for PUMEA, and at 490 �C for PUMEA-0.8, extending from 385 �C to

Table 1. Electrochemical parameters calculated from polarization measurements PUMEA-0.8 coated mild steel in 3.5% NaCl
solution for 4–40 days at room temperature.

Immersion time (days)
Corrosion potential

Ecorr (V)
Corrosion current

density, Icorr (A/cm
2) Corrosion rate (mm/year)

Polarization
resistance (kX)

4 �0.25702 6.554E-08 7.616E-04 3.976Eþ 02
8 �0.27679 1.450E-07 1.648E-03 1.798Eþ 02
12 �0.34255 1.928E-07 2.240E-03 1.352Eþ 02
16 �0.36044 2.171E-07 2.522E-03 1.201Eþ 02
20 �0.42746 2.801E-07 3.255E-03 93.019
24 �0.49759 4.281E-07 4.974E-03 60.863
28 �0.51829 5.189E-07 6.030E-03 50.212
32 �0.54027 6.940E-07 8.064E-03 37.548
36 �0.56988 1.002E-06 1.165E-02 25.998
40 �0.59338 1.166E-06 1.355E-02 22.344

Figure 9. Potentiodynamic polarization plots of the PUMEA-0.8 composite coating after immersion in 3.5 wt% NaCl solution
for 40 days.
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Table 2. The electrochemical parameters observed from impedance data of the PUMEA-0.8 coatings with immersed in
3.5 wt% NaCl solution for 4 to 40 days at room temperature.

Immersion
time (days) OCP (V)

Solution
resistance, Rs (kX)

Coating
capacitance,

Cc (pF)
Charge transfer

resistance, Rct (kX)

Warburg
impedance, Y0
(nmho�s�(1/2))

4 0.058 1.27 93.9 575 186
8 �0.065 3.78 92.9 345 310
12 �0.216 7.29 102 109 11.2
16 �0.223 7.36 120 75.3 19.3
20 �0.228 7.50 140 68.6 122
24 �0.272 7.67 181 49.5 209
28 �0.310 7.76 158 62.2 145
32 �0.461 6.17 221 26.7 297
36 �0.483 5.73 245 21.6 365
40 �0.494 4.96 340 13.4 426

Figure 10. Nyquist plots of the PUMEA-0.8 composite coating after immersion in 3.5 wt.% NaCl solution for 40 days.
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557 �C. The first and second decomposition peaks are related to the decomposition of urethane
and the bonding of ester and amide, respectively; the shift of the PUMEA-0.8 peaks is due to the
introduction of MWCNTs and their strong interaction with the polymeric chain.

The DSC thermograms of PUMEA and PUMEA-0.8 are shown in Figure 15. PUMEA displays an
endothermic peak starting at 85 �C and ending at 244 �C, centered at 222 �C, and a second peak rang-
ing from 245 �C to 384 �C, centered at 271 �C. In PUMEA-0.8, the first endotherm starts at 87 �C and
ends at 250 �C, with its center at 229 �C, and the second extends from 247 �C to 386 �C, centering at
275 �C, respectively. These peaks can be attributed to the onset of PUMEA/PUMEA-0.8 melting, fol-
lowed by decomposition of the polymeric chain, as derived from the TGA thermogram beyond this
temperature.

Figure 11. Bode and phase diagrams of the PUMEA-0.8 composite coating after immersion in 3.5 wt% NaCl solution for 40 days.

Figure 12. Proposed equivalent circuit to simulate and fit the EIS measurements.
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Conclusion

Natural corn oil-derived PUMEA/MWCNTs composites were successfully synthesized. From this
study, it is concluded that the PUMEA-0.8 resin provides the best coating effectiveness among those
prepared and that the physico-mechanical properties deteriorate when increasing the content of
MWCNTs further. The PUMEA-0.8 resin displays good adhesion, gloss, and resistance to corrosion in
a 3.5wt% NaCl solution up to 32 days. We observed that the 0.8wt% MWCNTs of the synthesized
PUMEA-0.8 composite coating were uniformly dispersed in the PUMEA matrix, and we
demonstrated by contact angle, EIS, and polarization measurements that this composite effectively
protects the mild steel substrate, being that its barrier properties were enhanced with respect to
common polyesteramide coatings. Additionally, the PUMEA-0.8 coating can be safely used up
to 250 �C.

Figure 13. TGA thermogram of PUMEA and PUMEA-0.8.

Figure 14. DTG thermogram of PUMEA and PUMEA-0.8.
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