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INTRODUCTION

Mild steel is a type of low carbon steel having ductile,
excellent mechanical properties, can be carburized, recyclable,
etc. and has been widely used in many industries due to its cost
effectiveness [1]. Some industrial practices use mild steel in
sodium chloride medium and get extremely affected by corrosion
including the corrosion of the food cans, pipes buried into the
ground, ships, bridges and oil pipelines due to the high salinity
of the water. During some chemical industrial processes like
cleaning, pickling, descaling or sometimes with transportation
mild steel may be corroded by NaCl solution [2-4]. When NaCl
solution comes into contact with marine environments, corro-
sion occurs in pipelines that cross or are close to salt water. The
dissolution of iron due to the presence of NaCl is considered as
one of the main reasons for the occurrence of corrosion of these
materials. In order to reduce the corrosion rate, inhibition and
protection of the metal will result in the following development
of methods and materials [5-9].

Inhibitors are defined as low concentration of substances
or mixture substances used in the corrosion environment to
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inhibit, prevent or minimize the corrosion rate [10]. Many
organic compounds containing nitrogen, oxygen and sulphur
atoms (heterocyclic compounds) and plant extract can also be
used as inhibitor. Nowadays, polybenzoxazine along with
urethane coating are also used as a new class of novel corrosion
inhibitors, because of their low water absorption, good hydro-
phobicity, near zero shrinkage and good dielectric properties
[11,12]. Polybenzoxazine is a thermosetting phenolic resin,
which exhibits desirable properties like chemical resistance
and thermal stability, high char yield, long shelf life, and flame
resistance. Benzoxazine monomers can be easily synthesized
by Mannich condensation reaction [13]. Zhou et al. [14] showed
that polybenzoxazine/epoxide composite coatings perform
good corrosion resistance with a high charge-transfer resistance.
Due to the disrupting nature of bisphenol-A (BPA) on natural
hormones, replacement of BPA introduces many non-disrupting
starting materials. Pollution-free bio-based bisguaiacol-F based
benzoxazines [15]. Guaiacol based benzoxazine monomers
and cardanol based benzoxazine monomers were reported to have
anticorrosive properties [16,17]. In recent times, petroleum
based raw materials is becoming a major environmental issue,
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like waste disposal and depletion of petroleum resources, the
need for alternative materials is vital. Polybenzoxazine has
been synthesized from a range of renewable phenols such as
vanillin [18-21]. Eugenol/stearylamine-based benzoxazine and
pyrogallol/furfurylamine-based benzoxazine from bio-based
raw material [22].

Eugenol based polyols for the anticorrosive polyurethane
coatings showed excellent anti-corrosive performance as
analyzed by immersion and electrochemical methods against
aq. 3.5% NaCl solution [23]. Several commercial isocyanates,
and as polyols have the pre-eminent role in the determination
of polyurethane properties, synthesis of polyol should be care-
fully evaluated, because their application in coating, adhesive
and foams are dependent upon the hydroxyl value and chemical
structure of polyols [24-28].

Based on the literature reviews and the high anti-corrosive
nature of the polybenzoxazine/urethane coating on the metal
surface, benzoxazine based monomer was synthesized from
vanillin, butylamine by Mannich condensation method and
copolymerized with urethane hardener during coating. Their
applications on the corrosion resistance property on mild steel
surface in 3.5% NaCl medium, thermal stability by TGA and
DSC methods were studied. Density functional theory (DFT)
studies of monomers were also performed to support the corro-
sion results.

EXPERIMENTAL

Thermo Scientific Nicolet iS50 FT-IR spectrometer was
used for recording the FT-IR spectra. The Labman LMSP UV-
1200 UV-Vis spectrometer was used for recording the UV-Vis
spectrum, 1H NMR and 13C NMR spectra were recorded on
Bruker 500 MHz and 125 MHz instruments in DMSO-d6 for
proton and carbon spectra, respectively. The progress and
completion of reactions was checked by TLC on 2 × 5 cm
pre-coated silica gel 60 F254 plates of a thickness of 0.25 mm
(Merck). The TLCs were visualized under UV 254-365 nm
and/or iodine. Polarization measurements were carried out in a
conventional three-electrode cell. The Ag/AgCl and the platinum
electrode were used as reference and counter electrodes, resp-
ectively. The potentiostatic polarization measurement was
carried out using the Electrochemical workstation Biologic
SP 300 model. The thermogravimetric analysis (TGA) of coating
was performed using Pyris-1-TGA Perkin-Elmer thermogravi-
metric analyzer (Temperature range: 0-800 ºC). The surface
analysis was performed on a JEOL JSM 6390 scanning electron

microscope, where the acceleration beam energy was employed
at 20 keV.

Synthesis of 3-butyl-8-methoxy-3,4-dihydro-2H-benzo-
[e][1,3]oxazine-6-carbaldehyde (VaBz): Vanillin (1g, 6.572
mmol), n-butylamine (0.653 mL, 6.572 mmol) and paraformal-
dehyde (0.414 g, 13.802) were dissolved in toluene (20 mL)
and refluxed for 24 h. The completion of the reaction was
monitored by thin layer chromatography. After completion of
the reaction, the reaction mixture was extracted with ethyl acetate
(150 mL) and then washed with 1 N NaOH solution (2 × 100
mL), water (100 mL) and brine solution (100 mL). The organic
layer was separated and dried over an anhydrous sodium
sulphate solution. The evaporation of solvent yielded VaBz
(Scheme-I). 1H NMR (500 MHz, DMSO-d6) ppm: 9.82 (1H, s),
7.32 (2H, s), 5.03 (2H, s), 4.07 (2H, s), 3.85 (3H, s), 2.67 (2H, t),
1.54- 1.50 (2H, m), 1.36-1.31 (2H, m), 0.94 (3H, t); 13C NMR
(125 MHz, DMSO-d6) ppm: 191.78, 149.76, 148.34, 128.73,
124.53, 121.17, 108.93, 83.66, 55.96, 50.72, 49.15, 29.95,
20.21, 14.27. UV-Vis λmax: 275, 302 nm. FT-IR (νmax, KBr,
cm–1): 2946, 1685, 1591, 1500, 1444, 1279, 1143, 1073, 864.

Synthesis of VaBz-PU copolymer by dip coating: MS
substrates were mechanically blasted to Sa 2.1/2 and cleaned
ultrasonically in acetone before coating. The polymer was coated
on the MS plate using dip coating and thermal curing methods.
The monomer (Bz) was first dissolved in a mixture of solvents
(7:3 1,4-dioxane/toluene) and then various equivalent amounts
of the isocyanate hardener were added to that, such as 100:60
(Bz-PU 60), 100:80 (Bz-PU 80) and 100:100 (Bz-PU 100).
The MS plate was then dipped in the Bz solution for 1 min and
removed from it at a speed of 100 mm/min. Following three
iterations of this procedure, Bz-coated MS samples were dried
in a vacuum for 1 h at 100 ºC in order to eliminate the solvent,
after being left at room temperature overnight. Finally, this
specimen was then thermally treated for 3 h at 180 ºC.

Water absorption: Water absorption of cured coating
samples were performed as per ASTM D570. The cured coating
samples were dried at 80 ºC in a vacuum oven and then immersed
in water for 24 h at room temperature. The cured samples were
removed from water, then blotted with tissue paper and weighed.
The percentage water absorption was calculated by eqn. 1:

a b

b

W W
Water absorption 100

W

−= × (1)

where Wa = Weight of the cured sample after removal the expo-
sure to water absorption; Wb = Weight of the cured sample before
removal the exposure to water absorption.
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Scheme-I: Synthetic representation of monomer and polymer formation
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Gel content: The gel content of cured coating sample
was determined by weighing the cured sample accurately and
extracted in xylene for 24 h at room temperature. Then the cured
coating samples were dried in the oven. The gel content of the
coating was calculated by eqn. 2:

a

b

W
Gel absorption 100

W
= × (2)

where Wa and Wb are the weight of cured coating samples after
and before the extraction, respectively.

Microhardness: Microhardness of compressed specimens
was measured utilizing a Vickers microhardness tester (Tester
MH6) The loading load during the test is 200 g to 262.1 g and
the loading time is 10 s.

DFT studies: All the computational calculations including
representation of HOMO and LUMO in the checkpoint files
was developed with the Gaussian 09W program using density
functional theory. The chemical structure of the Va-Bz was
optimized with the B3LYP/6.31 G basis set. The Gauss view
software package was used to visualize the computed structures
including HOMO, LUMO and molecular electrostatic potential
(MEP) representations.

RESULTS AND DISCUSSION

The Mannich reaction of vanillin with n-butylamine and
paraformaldehyde in toluene medium yielded the Va-Bz
(Scheme-II). The synthesized Va-Bz was characterized by 1H
NMR, 13C NMR, FT-IR and UV-visible spectroscopic tech-
niques. The Va-Bz is cured with various ratios of polyurethane.
The monomer and polymers are also characterized by FT-IR
and UV-visible spectroscopic techniques.
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Scheme-II: Synthetic route of Va-Bz

IR studies: The FTIR vibrational frequencies of the Va-
Bz and three different Bz-PUs are given in Table-1. The band
appears at 864 cm–1 shows that the formation of a benzoxazine
ring and the band appears at the1679 to 1685 cm–1 shows that
the aromatic aldehyde -C=O stretching, asymmetric C-O stret-
ching band appears at 1279 and 1290 cm–1, N-C stretching band
appears at 1143 cm–1, symmetric O-C stretching band appears

at 1073 cm–1. The FT-IR spectrum of VaBz and Bz:PU are
represented in Fig. 1.
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Fig. 1. FT-IR spectrum of VaBz monomer and different Bz-PU copolymer

1H NMR spectrum of monomer: The 1H NMR spectrum
clearly showed the signals for 19 protons. The triplet appear
at 0.94 ppm for 3 protons represents the methyl protons signal
of the n-butyl unit, the multiplet in the range of 1.36-1.31 ppm
for 2 protons, multiplet in the range of 1.54-1.50 ppm for 2
protons and triplet at 2.67 ppm are appeared for n-butyl alkyl
protons. The methoxy protons appeared as singlet at 3.85 ppm.
The benzoxazine CH2 protons appeared as singlet at 4.07 and
5.03 ppm, respectively. The aromatic protons signal for 2
protons appear at 7.32 ppm. The appearance of a sharp singlet
at 9.82 ppm for one proton indicates the presence of an aldehyde
unit.

13C NMR spectrum of monomer: The 13C NMR showed
the 14 carbon signals. The carbon signal appearing at 14.27,
20.21, 29.95 and 49.15 ppm indicates the presence of n-butyl
units. The methoxy carbon appeared at 50.72 ppm. The benzo-
xazine CH2 carbons appeared at 55.96 and 83.66 ppm, respec-
tively. The aldehyde carbon appeared at the downfield region
exactly appeared at 191.78 ppm, while the remaining aryl
carbons appear at 149.76, 148.34, 128.73, 124.53 and 108.93
ppm correspondingly.

UV-Vis studies of VaBz monomer and different VaBzPU
copolymers: Two absorption bands were found in the UV-
visible spectrum of VaBz at 275 and 302 nm, respectively.

TABLE-1 
INFRARED (cm–1) SPECTRAL ASSIGNMENTS OF VaBz, Bz:PU (100:60), Bz:PU (100:80) AND Bz:PU (100:100) 

Benzoxazine Bz:PU (100:60) Bz:PU (100:80) Bz:PU (100:100) Assignment 
2946 2946 2946 2946 C-H stretching 
1685 1679 1679 1679 Aromatic C=O stretch [29] 
1591 1591 1591 1591 Aromatic C=C 
1500 1500 1500 1500  
1279 1290 1290 1290 Asymmetric C-O-C stretching band 
1143 1143 1143 1143 N-C stretching band 
1073 1073 1073 1073 Symmetric O-C stretching band 
864 864 864 864 Benzoxazine related band [30] 

 

[29]

[30]
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The absorbance appeared is due to π–π* and n–π* transition
of VaBz. The addition of polyurethane in the VaBz shifted
their absorbance to the red-shift region. The absorbance of
VaBz:PUs is identified as 280 and 307 nm, respectively. The
absorbance at 307 nm corresponds to the low energy intra-
molecular charge transfer (ICT) π–π* transition and which is
coherent with previous benzoxazine reports [31-33]. The UV-
visible spectrum of VaBz and Bz:PUs is represented in Fig. 2.
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Fig. 2. UV-Vis spectrum of VaBz and Bz:PUsm

Corrosion studies

Potentiostatic polarization measurements: Polarization
measurements were carried out in a conventional three-electrode
cell. Mild steel strips coated with VaBz, VaBz with different
concentrations of isocyanate hardener such as Bz:PU, 100:60,
100:80 and 100:100 only on the exposed area of 1 cm2 were
used as the working electrode. The corrosion resistance of VaBz
and BzPU coatings on mild steel was investigated by the Tafel
extrapolation method. Tafel polarization curves obtained with
samples are shown in Fig. 3, from which the corrosion current
(Icorr) and corrosion potential (Ecorr) were calculated. The
corrosion current density was determined by superimposing a
straight line along the linear portion of the cathodic or anodic
curve and extrapolating it through corrosion potential [34].
The more negative Ecorr and the larger Icorr usually correspond
to a faster corrosion rate while more positive Ecorr and smaller
Icorr mean a slower corrosion process [35]. The corrosion rate
and protection efficiency (E) was calculated by using eqns. 3
and 4, respectively:
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Fig. 3. Tafel polarization curves for the blank and coated VaBz-PU on mild
steel

corrI K EW
Corrosion rate (mmpy)

A

× ×=
ρ (3)

where K = corrosion rate constant, 3272 mm year–1, EW =
equivalent weight 27.9 g, ρ = material density, 7.85 g cm–3 for
mild steel, A = area of the sample, 1 cm2:

corr(b) corr(c)

corr(b)

I I
Corrosion efficiency (%) 100

I

−
= × (4)

where Icorr(b) = corrosion current values for the blank mild steel
(without coating); Icorr(c) = corrosion current values for the coated
mild steel.

The free energy of adsorption (∆Gads) was calculated from
eqn. 5 [36]:

∆Gads = –RT ln (55.5 K) (5)

where K is given by

K
C(1 )

θ=
− θ

 , K = equilibrium constant, θ = surface coverage,

C = concentration of inhibitor in mol/L, 55.5 is the concen-
tration of water (mol/L).

From Table-2, it is depicted that by increasing the poly-
urethane hardener into the coating will also increase the Ecorr

values into a more positive side. The positive shift in Ecorr shows
that corrosion protection of MS surface by VaBz-PU coating
was found to be better than benzoxazine coating. Generally, the
diffusion rate of water into polymeric films depends upon the

TABLE-2 
Ecorr, Icorr AND TAFEL CONSTANT βa AND –βc VALUES OBTAINED FROM THE EXTRAPOLATION OF THE TAFEL PLOT 

Tafel constant 
 Icorr (µA) Ecorr (mV) Corrosion 

rate (empty) 
Surface 

coverage (θ) 
Corrosion 

efficiency (%) βa (mV/dec) –βc (mV/dec) 
∆G(ads) 
(KJ/mol) 

Blank 1.506 -592.048 17,513 – – 200.7 323.5 – 

100:60 (Bz:PU) 0.435 -560.253 5058 0.7111 71.11 358.7 895.8 -12.75 

100:80 (Bz:PU) 0.019 -178.437 220 0.9873 98.73 390.1 117.2 -21.03 

100:100 (Bz:PU) 0.005 323.131 58 0.9966 99.66 325.2 157.2 -24.06 
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branching and crosslinking density of the polymeric materials.
The crosslinking density increases with increasing PU content
in the coating; therefore, the more crosslinking density of
VaBz-PU coating would reduce the porosity and enhance corro-
sion resistance properties. Therefore, the obtained corrosion
resistance properties have been confirmed by low corrosion
rates and higher corrosion efficiency up to 99.66% from the
electrochemical measurements. The negative values of ∆Gads

indicate the spontaneous adsorption of the inhibitor on the
surface of mild steel.

Electrochemical behaviours of Bz-PU coatings: The
corrosion resistance of bare mild steel and the poly(Bz) coated
mild steel with different content of polyurethane were further
examined by EIS technique at room temperature. The recorded
EIS spectra for the bare mild steel in 3.5 wt.% NaCl aqueous
solutions are depicted in Fig. 4. The Nyquist plot (Fig. 4) has
two time constants (i) a depressed capacitive semicircle at higher
frequencies due to charge transfer in the corrosion process and
(ii) an inductive loop at lower frequencies due to adsorption of
a corrosion reaction intermediate [37,38]. Rs is a resistor related
to the solution resistance, Rct (charge transfer resistance) is a
measure of electron transfer across the surface and is inversely
proportional to corrosion rate and it is obtained from the dia-
meter of the semicircles of the Nyquist plots. The inhibition
efficiency of the inhibitor has been obtained from the charge
transfer resistance values using  eqn. 6:

ct(c) ct(b)

ct(c)

R R
Corrosion efficiency (%) 100

R

−
= × (6)

where Rct(c) = charge transfer resistance with coating; Rct(b) =
charge transfer resistance without coating.
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Fig. 4. Nyquist plots for the blank and coated VaBz-PU on mild steel

In Table-3, it is observed that increasing the polyurethane
content on the metal surface will increase the Rct from 1.0825
Ω cm2 to 987.54 Ω cm2 and reduce the Cdl value from 0.4195
F/cm2 to 5.167 × 10–6 F/cm2. A decrease in Cdl is due to an
increase in thickness of the electronic double layer [39]. The
increase in Rct values is due to the formation of a protective film
on the metal/solution interface [40,41]. From the Rct values, it

TABLE-3 
PARAMETERS OF THE EQUIVALENT  

CIRCUIT IN 3.5% NaCl SOLUTIONS 

Concentration of 
coating Rct (Ω cm2) Cdl (F/cm2) Inhibition 

efficiency (%) 
Blank 1.0825 0.4195 – 
100:60 (Bz:PU) 12.32 43.48 × 10–6 91.21 
100:80 (Bz:PU) 158.6 35.8 × 10–6 99.31 
100:100 (Bz:PU) 987.54 5.167 × 10–6 99.89 

 
is also evident that the inhibition efficiency of VaBz-PU has
increased from 91.21% to 99.89% due to the increased concen-
tration of isocyanate (PU) content in the coating.

Thermal behaviour of the coating

Thermogravimetric analysis: The thermal stability of
coatings was studied by TGA analysis under a nitrogen atmos-
phere. The result was recorded as a weight loss of coating as a
function of temperature. The values of 5 wt.% (Td5%), 30
wt.% (Td30%) loss degradation temperature and residual wt.%
(char yield) at 580-600 ºC are listed in Table-4. From Fig. 5, it
is observed that up to 250 ºC, the thermal stability of poly-
BzPU coatings is higher than the polybenzoxazine coating.
The weight loss of the poly-BzPU coatings is less than 10%
whereas the polybenzoxazine coating shows a degradation of
15%. This is due to the crosslinking density of the polyure-
thane. The crosslinked density of the coating increases with
increasing polyurethane content and has high thermal stability
from 500-562 ºC. The heat-resistance index (THRI) was calcu-
lated using eqn. 7 [42,43]:

THRI = 0.49 × [T5 + 0.6 × (T30 – T5)] (7)

98

84

70

56

42

28

14

0

W
ei

gh
t (

%
)

0  100 200 300 400 500 600 700 800

Temperature (°C)

Bz:PU (100:100)
Bz:PU (100:80)
Bz:PU (100:60)
Bz

Fig. 5. TGA thermograms of cured VaBz and VaBz-PU

It is evident from Table-4 that the thermal stability of the
coating increases when compared to benzoxazine coating i.e.,
increases from 122 to 185 ºC, 181 and 179 ºC. This is due to
the presence of polyurethane linkage, which enhances the
crosslinking density. Due to the isocyanate unit in the coating
will decrease the char yield more than VaBz [16].

DSC studies: The DSC thermogram of VaBz shows one
exothermic peak at 454 ºC, which is due to the crystallization
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temperature and the two exothermic peaks due to the melting
temperatures of VaBz are 532 and 552 ºC and these are respon-
sible for the ring opening polymerization of the VaBz (Fig. 6).
The DSC thermograms of VaBz:PU show two exothermic
peaks at 416, 515 ºC for Bz:PU (100:60), 416, 520 ºC for
Bz:PU (100:80) and 436, 515 ºC for Bz:PU (100:100), which
are due to the interaction of isocyanate moiety with VaBz through
hydrogen bonding. The DSC thermograms of Bz-PU show
two endothermic peaks at 458, 567 ºC for Bz:PU (100:60),
458, 574 ºC for Bz:PU (100:80) and 461, 575 ºC for Bz:PU
(100:100). The first exothermic peaks at 458 and 461 °C are
responsible for the ring opening due to the crosslinking ability
of the polyurethane. The second peak at 567, 574 and 575 ºC

TABLE-4 
RESULTS OBTAINED FROM THERMO GRAVIMETRIC ANALYSIS OF  

BENZOXAZINE, VaBz:PU ARE IN THE RATIO OF 100:60, 100:80 AND 100:100 COATINGS 

Coating system Onset temperature (°C) Offset temperature (°C) Td5 (°C) Td30 (°C) THRI 
Bz 91.38 554 155.34 312.01 122.17 

100:60 (Bz:PU) 201.53 570 300.91 428.81 185.04 
100:80 (Bz:PU) 210.89 576 298.13 419.16 181.67 
100:100 (Bz:PU) 215.09 581 292.72 414.33 179.19 

 

 Bz  Bz:PU (100:60)

 Bz:PU (100:80)

-15

-10

5

0

5 Bz:PU (100:100)

20

10

0

-10

-20

-30

30

20

10

0

-10

-20

-30

-40

-50

30

20

10

0

-10

-20

-30

-40

-50

D
er

iv
at

iv
e 

he
at

 fl
ow

 (
m

W
/m

in
)

D
er

iv
at

iv
e 

he
at

 fl
ow

 (
m

W
/m

in
)

D
er

iv
at

iv
e 

he
at

 fl
ow

 E
nd

o 
D

ow
n 

(m
W

)

D
er

iv
at

iv
e 

he
at

 fl
ow

 E
nd

o 
D

ow
n 

(m
W

)

100 200 300 400 500 600 700 800

100 200 300 400 500 600 700 800 0  200 300 400 500 600 700 800

100 200 300 400 500 600 700 800
Sample temperature (°C)

Sample temperature (°C) Sample temperature (°C)

Sample temperature (°C)

Fig. 6. DSC thermograms of cured VaBz and VaBz-PU

occurs due to the melting of the Bz-PU. The Tg values of VaBz
and Bz-PU are 252, 327, 327 and 329 vC. From Table-5, it is
clearly evident that increasing PU in the coating will increase
the thermal stability due to the crosslinking property of the
PU. From DSC the results, it is clear that the thermal resistance
of benzoxazine with polyurethane is increased when compared
to benzoxazine.

SEM/EDAX studies: The scanning electron microscopy
(SEM) analysis coupled with energy-dispersive X-ray analysis
(EDAX) was performed in order to investigate the surface
morphology of the mild steel before and after immersion in
3.5% NaCl for 1 week. The acquired results have shown that
before (Fig. 7a,c,e) and after one week of immersion of the
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Fig. 7. SEM and EDAX analysis of mild steel before and after immersion for 1 week in 3.5% NaCl; (a) Bz-PU (100:60) before immersion in
3.5% NaCl, (b) Bz-PU (100:60) after immersion in 3.5% NaCl, (c) Bz-PU (100:80) before immersion in 3.5% NaCl, (d) Bz-PU
(100:80) after immersion in 3.5% NaCl, (e) Bz-PU (100:100) before immersion in 3.5% NaCl, (f) Bz-PU (100:100) after immersion
in 3.5% NaCl
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coated mild steel in 3.5% NaCl (Fig. 7b,d,f) the surface of the
sample was damaged and then was corroded [46,47]. However,
Fig. 7d,f shows that mild steel has not been much corroded in
the mild steel coated with VaBz:PU in the ratio of 100:80 and
100:100, which can be attributed to the development of a prot-
ective film on the surface of mild steel, due to the crosslinking
ability of the isocyanate oxygen atom as a result the percentage
of iron after immersion of NaCl is increased. The corrosion
resistance on the mild steel has increased from 90.36% (for
100:60 Bz:PU) to 98.42% (100:100 Bz:PU). Hence, poly-
urethane along with benzoxazine protects the mild steel in
3.5% NaCl environment.

Quantum chemical calculations: The values of the
quantum chemical descriptors, such as HOMO and LUMO
energies (EHOMO and ELUMO), the gap energy (∆Egap), chemical
potential, the global hardness (η), the global softness (σ), the
electrophilicity index are shown in Table-6. It is evident that

HOMO density distributions are mainly localized over benzene,
N and O of the oxazine ring. It indicates that these are the active
centres through which these inhibitors of VaBz may be adsorbed
on the metal surface by physisorption or chemisorption or from
both.

Further, LUMO indicates that the substituted benzene ring
along with -CHO, -OCH3 ring moiety may involve back bond-
ing due to the transfer of filled 4s2 electrons of iron metal to
LUMO of benzoxazine. It should be noted here that the benzene
ring of benzoxazine acts as both donor as well as acceptor centre.
In general, the higher the value of HOMO, the higher would
be the electron donating capacity of the inhibitor to the vacant
d-orbital of the metal. And the lower the value of LUMO, the
greater would be the electron accepting ability of the inhibitor
from the filled metal orbitals. But the most important parameter
is ∆E, which is the energy difference between LUMO and
HOMO. Fig. 8 shows the ∆E value of VaBz is 4.395 eV and is

TABLE-5 
RESULTS OBTAINED FROM DSC OF CURED VaBz, VaBz:PU ARE IN THE RATIO OF 100:60, 100:80 AND 100:100 COATINGS 

Coating system Tg (°C) T(onset) (°C) Tpeak (°C) Tpeak (°C) endo Ref. 
Bz 252 238 454 532, 552  

100:60 (Bz:PU) 360 327 416, 515 458, 567 [44-46] 
100:80 (Bz:PU) 360 327 420, 515 458, 574  
100:100 (Bz:PU) 365 329 436, 515 461, 575  

 

Optimized structure of benzoxazine monomer Highest Occupied molecular orbital

Lowest unoccupied molecular orbital Charge distribution of VaBz

Fig. 8. Optimized structure, molecular orbital (HOMO and LUMO), charge distribution of VaBz

[44-46]
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very much compatible with metal-inhibitor interactions. The
high global softness value 0.2275 eV and low global hardness
value -3.7420 eV also supports the protection capability of
the VaBz on the metal surface [48,49].

Water absorption, gel absorption and microhardness:
Increasing concentration of isocyanate (PU) in the coating will
increase the crosslinking ability, so this will decrease the free
space due to the unavailability of the hydroxyl group and hence
hydrophobicity of the monomer increased. It is evident from
Fig. 9, that water absorption is decreased by increasing PU
content in the coating. On the other hand, the gel absorption
and microhardness increased by increasing PU content in the
coating which is also evident from Figs. 10 and 11, that PU
can easily form crosslinking in the presence of xylene [16].
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Fig. 9. Water absorption of cured VaBz and Bz-PU

0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

Bz Bz:PU (100:60) Bz:PU (100:80) Bz:PU (100:100)

W
at

er
 a

bs
or

p
tio

n 
(%

)

Fig. 10. Gel absorption of cured VaBz and Bz-PU

Conclusion

Vanillin-based benzoxazine has been successfully synthe-
sized using toluene as solvent and copolymerized with different
ratios of polyurethane, as well as characterized by using 1H
NMR, 13C NMR, FTIR, UV techniques. Isocyanate in the poly-
urethane makes the VaBz a better inhibitor on the mild steel in
3.5% NaCl medium. Decreased corrosion rate and increased
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Fig. 11. Microhardness of cured VaBz and Bz-PU

inhibition efficiency due to the increasing polyurethane content
in the VaBz leads the maximum inhibition efficiency up to
99% both from polarization studies as well as EIS studies. The
low and negative value of ∆Gads indicates that the Bz-PU is
spontaneous adsorption and physically adsorbed on the mild
steel. Thermal resistance (THRI) glass transition temperature
(Tg) and melting temperature of the coating is also increased
by the addition of polyurethane. From SEM images and EDAX
studies, it is evident that the surface of the coated mild steel is
protected up to 99% and less corroded in the NaCl medium.
As the inter linking ability is increased by increasing poly-
urethane content, which elevates the microhardness, gel absor-
ption and abates the water absorption in the Bz-PU. The DFT
calculations also provide useful information about the band
gap between HOMO and LUMO, global softness and global
hardness is suitable for the inhibitor level. With the above infor-
mation, this research proves that the benzoxazine synthesis
from renewable feedstock vanillin acts as a good anticorrosive
agent.
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