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Abstract The present work describes the design of
nontoxic pyrazolidine bisphenol (PYBP)-based
hydrophobic benzoxazine (PBz) matrices, in compar-
ison with that of bisphenol-F-based benzoxazines, and
investigates their efficiency toward corrosion protec-
tion on mild steel surfaces. The preliminary in vitro
toxicity assay studies infer the nontoxic nature of
PYBP. Data obtained from thermal and surface studies
indicate that the PYBP-based PBzs possess higher
thermal stability than those of bisphenol-F benzox-
azines. Observations from SEM images suggest that
the inherent hydrophobic nature was due to the
formation of rough surfaces. The corrosion studies of
the specimens were carried out using open-circuit
potential, electrochemical impedance spectroscopy,
and potentiodynamic polarization. Among the mild
steel specimens, coated with different benzoxazines,
the poly(PYBP-oda)-coated specimen was found to be
less aggressive toward corrosion showing 90% effi-
ciency and charge transfer resistance (Rct) of 381 kX
cm2. Thus, data obtained from different studies suggest

that the PYBP-based benzoxazines can be used as
a better coating material for steel and steel products
against corrosion.

Keywords Pyrazolidine bisphenol, Nontoxic
behavior, Polybenzoxazine, Electrochemical
impedance, Corrosion resistance, Corrosion efficiency

Introduction

Mild steel (MS) and stainless steel (SS) have unique
mechanical properties, and therefore, they were exten-
sively used as structural materials for many industrial,
construction, and marine applications.1,2 However, MS
is extremely susceptible to metallic corrosion which
leads to substantial waste of natural resources and
incurs heavy expenditures to protect it.3 SS, on the
other hand, even though it is passivated and possesses
resistance against corrosion, is also not able to meet
the requirements for corrosion-resistant behavior
under peculiar conditions, and thus, wider applications
of SS are also limited. During corrosion, the physico-
chemical properties of the steel are altered which leads
to partial/complete damage of the steel structure and
eventually ruining the whole purpose of its application.
In this overview, an effective anticorrosive coating
material is being developed to avoid/control the
metallic corrosion.4–7 The application of polymer-
based protective coatings over the metal surfaces is
an effective method and is a universally applied
strategy to inhibit the corrosion process.8–11 The
polymer coating also provides the desired aesthetic
properties which play a vital role in the protection of
metals from radiation, moisture, chemical damage, and
biological corrosion.12 The polymer coating is consid-
ered to prevent the contact of water or ions to the
metallic surface by generating a physical barrier and
thus significantly reducing the corrosion currents due
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to the decreased anodic reaction.13 Corrosion-resistant
coatings based on organic resins (such as epoxy resins,
polysiloxane resins, and polyurethane resins) have
been employed to protect steel surfaces from corrosive
environments by providing a firm and protective
impervious film to prevent the diffusion of the corro-
sive species (ionic transport) and electrical conduction
onto the metal surface.14,15 Usually, the organic com-
pounds that are rich in heteroatoms (such as nitrogen,
sulfur, and oxygen) can act as efficient corrosion
inhibitors.16,17 Similarly, the crosslinking density and
hydrophobic nature of polymer coatings also facilitate
the protection of steel surfaces from corrosive elec-
trolytes.18–20

In recent years, polybenzoxazines (PBz) have
attracted great interest in anticorrosion coatings owing
to their distinct advantages such as flexibility in
molecular design, low water absorption, low flamma-
bility, low surface free energy, zero volume shrinkage
upon curing, low dielectric constant, and higher glass
transition temperature.21–26 The coatings based on PBz
can act as a physical barrier which can protect the
surface of the metal from the corrosive environments
by limiting the ionic permeability and electrical con-
duction. Molecular design flexibility with different
functional groups in the PBz skeleton is the main ad-
vantage of this polymer, and it can be synthesized
using phenol, amine, and formaldehyde as precur-
sors.27 For example, bisphenol-A is considered as an
important precursor for the preparation of conven-
tional PBz resin due to its easy availability, high purity,
and inexpensive nature.28 Hence, the preparation of
BPA-based benzoxazine monomers exceeds 4.5 million
tons every year. Owing to the same fact, the applica-
tion of BPA-based PBz for corrosion resistance is a
widely used strategy in the field of anticorrosive
materials.29,30 However, the genotoxicity and endo-
crine-disrupting activity of BPA causes serious health
issues for humans.31,32 The same issues occur when
applied as an anticorrosive coating material in marine
environment, which also affects the aquatic life,33,34

and consequently BPA-based products are under
scrutiny.35 Owing to this fact, BPA is increasingly
replaced by structurally similar chemicals, in particular,
bisphenol-F (BPF).36,37 Therefore, BPF-based PBzs
emerge as a class of new polymer materials for various
applications. However, BPF also exhibits a certain
degree of toxic behavior, and hence, the development
of alternative nontoxic precursor materials is war-
ranted.38

On the other hand, BPA-based PBzs are being
replaced with other heterocyclic PBzs. These superior
classes of polymers account for their excellent mechan-
ical performance, outstanding heat and flame retardant
behavior, and improved molecular design flexibility
when compared to those of conventional novolac,
resole-type phenolics, and epoxy resins.39 Apart from
these, the value additions of these systems are high char
yield, high glass transition temperature, and amenabil-
ity for noncatalytic polymerization.40–43 Earlier, our

group has prepared heterocyclic imidazole core bisphe-
nol and explored the potential applications of imidazole
core bisphenol-based benzoxazine monomers and poly-
imides.44–46 Thus, our continued interest has motivated
us to introduce pyrazolidine bisphenol as a precursor to
prepare novel benzoxazine monomers.

With this perspective, the present work focuses on
the possible replacement of toxic BPA with newly
prepared pyrazolidine bisphenol (PYBP) and less toxic
BPF for the preparation of PBzs and the study of their
application as anticorrosive coating materials. In this
respect, the amines with inherent hydrophobic behav-
ior such as dodecylamine (dda), octadecylamine (oda),
and 4-fluoroaniline (fa)47 were selected to synthesize
corresponding benzoxazines (Schemes 1 and 2). Data
obtained from different studies are discussed and
reported.

Experimental

Chemicals

BPF was obtained from Anabond Limited, Chennai,
India. 4-Hydroxybenzaldehyde and 4-hydroxyace-
tophenone were purchased from Sigma-Aldrich.
Paraformaldehyde, dioxane, hydrazine hydrate, para-
toluenesulphonic acid (PTSA), and acetic acid were
obtained from Qualigens, India. Dodecylamine (dda),
octadecylamine (oda), and 4-fluoroaniline (fa) were
obtained from SRL, India. Anhydrous sodium sulfate,
ethanol, and ethyl acetate were obtained from Loba
Chemicals, India. Mild steel was procured from local
vendor in Coimbatore, Tamil Nadu, India.

Synthesis of 1-(3,5-bis(4-hydroxyphenyl)-4,
5-dihydro-1H-pyrazol-1-yl)ethanone
or pyrazolidine bisphenol (PYBP)

1-(3,5-Bis(4-hydroxyphenyl)-4,5-dihydro-1H-pyrazol-
1-yl)ethanone or pyrazolidine bisphenol (PyBF) was
prepared in accordance with the reported literature48

(Scheme 1) with slight modification. To a solution of 4-
hydroxybenzaldehyde (7.55 g, 0.05 mol) and 4-hydrox-
yacetophenone (16.5 g, 0.05 mol) in ethanol (50 mL),
PTSA (1.72 g, 0.01 mol) was added and refluxed for
5 h with constant stirring (Scheme 1). After the
formation of product was monitored through TLC,
ethanol was removed partially, and the reaction mix-
ture was added to crushed ice to obtain the chalcone
intermediate as yellow precipitate (Yield = 82%).

In the next step (Scheme 1), the chalcone (10 g,
0.042 mol) was dissolved in acetic acid (30 mL) and
hydrazine monohydrate (21 mL, 0.042 mol) was added
and refluxed for 6 h. After the formation of product
was monitored through TLC, the reaction mixture was
cooled and added to crushed ice to obtain the product
PYBP as light brown colored precipitate. The precip-
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itate was filtered, washed with water, and dried. The
product was recrystallized using methanol (Yield =
76%). After recrystallization, the product was studied
for structural confirmation using FTIR (Figure S1), 1H-
NMR (Figure S2), and mass spectral analysis (Fig-
ure S3). 1H-NMR, (DMSO-d6): d 2.24 (s, 3H), 2.99–
3.05 (m, 1H), 3.69–3.76 (m, 1H), 5.37–5.41 (m, 1H),
6.66–6.97 (m, 8H), 9.33 [s, 1H (OH)], 9.95 [s, 1H
(OH)], ppm. MS: m/z = 296 (base peak = 295 ap-
peared in negative mode).

Preparation of pyrazolidine-bisphenol-based
benzoxazine monomer (PYBP-dda, PYBP-oda,
PYBP-fa)

To prepare the benzoxazine monomer (Scheme 1),
the bisphenol, PYBF (5 g, 0.17.90 mmol), respective
amines [dodecylamine (dda), octadecylamine (oda),
and 4-fluoroaniline (fa) 33.80 mmol], and
paraformaldehyde (2.23 g, 74.35 mmol) were added

separately to a round-bottom flask containing 1,4-
dioxane (8 mL) and slightly warmed to 60�C to
achieve homogeneity. Then the reaction temperature
was raised to 110�C and stirred for 15 h. The progress
of the reaction was monitored by TLC. After the
formation of the product, the reaction mixture was
cooled, and water was added and extracted using
ethyl acetate. To the organic layer, 10 M sodium
hydroxide solution was added to remove any bisphe-
nol residue present. The organic layer was dried over
anhydrous sodium sulfate and evaporated under
vacuum. The molecular structure of resultant products
PYBP-dda, PYBP-oda, and PYBP-fa were analyzed
using spectral studies.

The chemical structure of PYBP benzoxazine
monomers (PYBP-dda, PYBP-oda, and PYBP-fa)
was confirmed from the IR (Figure S4), NMR (Fig-
ure S5), and mass spectra (Figure S6).

FTIR spectra (Figure S4): 2915 and 2853 cm�1

[asymmetric and symmetric stretching vibrations of
methylene group (–CH2–) of oxazine ring as well as
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long alkyl side chain of the dda and oda groups].
916 cm�1 (benzoxazine ring).49,50

NMR spectra of PYBP-dda (Figure S5) 1H-NMR d
ppm; 0.8–1.8 (multiplet, aliphatic protons), 2.4 (N-

COCH3), 2.7 (multiplet, N–CH2– protons), d 3.2, d 3.7

and d 5.4 (pyrazolidine ring protons), 3.8 and 4.0, 4.7

and 4.9 (two sets of singlets for benzoxazine ring): 13C-

NMR d ppm: 20 (N-COCH3), 59 and 83 (benzoxazine

ring methylene carbons), 168 (N-COCH3).

NMR spectra of PYBP-oda (Figure S5) 1H-NMR d
ppm; 0.8–1.8 (multiplet, aliphatic protons), 2.4 (N-

COCH3), 2.7 (multiplet, N–CH2– protons), d 3.2, d 3.7

and d 5.4 (pyrazolidine ring protons), 3.8 and 4.0, 4.7

and 4.8 (two sets of singlets for benzoxazine ring): 13C-

NMR d ppm: 20 (N-COCH3), 59 and 83 (benzoxazine

ring methylene carbons), 168 (N-COCH3).

NMR spectra of PYBP-fa (Figure S5) 1H-NMR d
ppm; 2.4 (N-COCH3), d 3.2, d 3.7 and d 5.4 (pyrazo-

lidine ring protons), 4.5 and 4.6, 5.2 and 5.4 (two sets of

singlets for benzoxazine ring) 6.6–7.8 (aromatic pro-

tons): 13C-NMR d ppm: 20 (N-COCH3), 59 and 83

(benzoxazine ring methylene carbons), 156 and 159

(Ar-F attached quarternary carbons), 168 (N-COCH3).

Synthesis of bisphenol-F-based benzoxazine
monomer (BF-dda, BF-oda, BF-fa)

Bisphenol-F (10 g, 0.05 mol), respective amines [do-
decylamine (dda)/octadecylamine (oda)/4-fluoroani-
line (fa), 0.10 mol], and paraformaldehyde (6.6 g,
0.22 mol) were added separately to a round-bottom
flask containing 1,4-dioxane (10 mL) and slightly
warmed to 60�C to achieve homogeneity. Then the
reaction temperature was raised to 110�C and stirred
for 12 h. The progress of the reaction was monitored
by TLC. After the formation of the product, the
reaction mixture was cooled, and water was added and
extracted using ethyl acetate. To the organic layer,
10 M sodium hydroxide solution was added to remove
any residual bisphenol present. The organic layer was
dried over anhydrous sodium sulfate and evaporated
under vacuum (Scheme 2). The prepared benzoxazine
monomers were labeled in accordance with IUPAC
nomenclature as BF-dda, BF-oda, and BF-fa and were
preserved for further studies.

The chemical structure of BPF benzoxazine mono-
mers (BF-dda, BF-oda, and BF-fa) was confirmed from
the IR (Figure S4), NMR (Figure S7), and mass spectra
(Figure S8).

FTIR spectra (Figure S4): 2915 and 2853 cm�1

[asymmetric and symmetric stretching vibrations of
methylene group (–CH2–) of oxazine ring as well as
long alkyl side chain of the dda and oda groups].
916 cm�1 (benzoxazine ring).49,50

NMR spectra of BF-dda (Figure S7) 1H-NMR d
ppm; 1.0–2.0 (multiplet, aliphatic protons), 2.7 (multi-

plet, N–CH2– protons), 3.7 (CH2 protons of BPF), 3.9

and 4.9 (two singlets, benzoxazine ring): 13C-NMR d
ppm: 67 and 82 (benzoxazine ring methylene carbons),

60 (CH2 carbon of BPF).

NMR spectra of BF-oda (Figure S7) 1H-NMR d
ppm; 0.8–2.0 (multiplet, aliphatic protons), 2.6 (multi-

plet, N–CH2– protons), 3.7 (CH2 protons of BPF), 3.9

and 4.8 (two singlets, benzoxazine ring): 13C-NMR d
ppm: 66 and 80 (benzoxazine ring methylene carbons),

60 (CH2 carbon of BPF).

NMR spectra of BF-fa (Figure S7) 1H-NMR d
ppm; 3.6 (CH2 protons of BPF), 4.5 and 5.2 (two

singlets, benzoxazine ring) 6.5–7.3 (aromatic protons):
13C-NMR d ppm: 60 (CH2 carbon of BPF), 156 and 159

(Ar-F attached quarternary carbons).

Preparation of benzoxazine-coated mild steel

Electrochemical characterization was carried out using
Biologic instrument, France. A three-electrode system
was used consisting of mild steel specimens (2 cm 9 1
cm) as the working electrode, stainless steel plate as the
counter electrode, and Ag/AgCl (saturated KCl) as the
reference electrode. Electrochemical corrosion studies
were carried out using open-circuit potential, a poten-
tiodynamic polarization method, and electrochemical
impedance spectroscopy (EIS). All corrosion experi-
ments were carried out in the corrosive medium
containing 3.5% NaCl at room temperature. For polar-
ization experiments, the scans were performed from
� 250 mV below to + 250 mV above the open-circuit
potential. The values of Ecorr and Icorr were obtained
directly from the Tafel plot using the EC-Lab software.
Nyquist impedance analysis was carried out by applying
a sinusoidal AC perturbation wave of 10 mV amplitude.
The applied frequency ranged from 100 to 0.01 Hz. EIS
analysis was done using EC-Lab software.

Preparation of the coatings

Uniform size mild steel plates having the size 2 cm 9
1 cm were purchased from the local market. The mild
steel plates were first thoroughly polished using emery
papers and cleaned using acetone and dried. Exactly
1 g of the BF and PYBP monomers was weighed
separately in a beaker, and 10 mL of THF was added
and stirred for 10 min to completely dissolve the
monomers. The mild steel was coated with the
monomers by drop coating method and dried at room
temperature for 5 h, and then it was cured in the air
oven at 250�C for 5 h. The coating thickness was
determined using SEM analysis and found to be about
20 lM (Figure S9).
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Characterization

FTIR spectra measurements were carried out using an
Agilent Cary 630 FTIR spectrometer. NMR spectra
were recorded using a Bruker instrument (400 MHz)
with deuterated chloroform (CDCl3) and dimethylsul-
foxide (DMSO-d6) as a solvent and tetramethylsilane
(TMS) as an internal standard. Mass spectra were
recorded using an Agilent mass spectrometer. DSC
measurements were recorded using NETZSCH STA
449F3 under N2 purge (60 mL min�1) at scanning rate
of 10�C min�1. Thermogravimetric analysis (TGA) was
obtained using NETZSCH STA 449F3 using 5 mg of
sample under N2 flow (60 mL min�1) at heating rate of
20�C min�1. The morphology of the matrices and
composites was analyzed from an FEI QUANTA 200F
high-resolution scanning electron microscope
(HRSEM). Contact angle measurements were carried
out using a Kwoya goniometer with 5 lL of water as
probe liquid.

Results and discussion

Toxicity studies

The toxicity studies of BPA, BPF, and the newly
prepared pyrazolidine compound (PYBP) were carried
out using Human Embryonic Kidney (HEK) cells by
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay.51 HEK cells were grown
(1 9 104 cells/well) in a 96-well plate for 48 h into
75% confluence. The medium was replaced with fresh
medium containing serially diluted synthesized com-
pounds (10, 25, and 50 lg mL�1), and the cells were
further incubated for 48 h. The culture medium was
removed, and 100 lL of the MTT [3-(4,5-dimethylth-
iozol-2-yl)-3,5-diphenyl tetrazolium bromide] (Hi-Me-
dia) solution was added to each well and incubated at
37�C for 4 h. After removal of the supernatant, 50 lL
of dimethylsulfoxide was added to each of the wells
and incubated for 10 min to solubilize the formazan
crystals. The optical density (OD) was measured at
620 nm in an ELISA multiwell plate reader (Thermo
Multiskan EX, USA). The OD value was used to
calculate the percentage of viability using the following
formula.

% of viability ¼ OD value of experimental sample

OD value of experimental control
� 100

ð1Þ

As mentioned earlier, the toxicity of BPA restricts
its application in various commercial products. There
are few reports that state BPF also exhibits little
toxicity.38 In this regard, the newly prepared com-
pound was analyzed for in vitro toxicity against HEK

cells along with BPA and BPF. Figure S10 denotes the
morphology of cell under control (without compound)
condition and at different concentrations against BPA,
BPF, and PYBP, respectively.

In all the controls, the cells are in normal structure.
When the cells are treated with BPA, the morphology
of the HEK cells is altered as observed in BPA
(Figure S10). In the case of BPF, morphology of the
HEK cells is also slightly altered, whereas the mor-
phology of the HEK cells is not altered when they are
treated with PYBP (Figure S10). The precise toxicity
values in IC50 for the compounds BPA, BPF, and
PYBP are presented in Table 1 and Figs. 1a–1c.

Table 1 presents the toxicity data of the compounds
at 50% inhibition concentration or half maximal
inhibitory concentration. Among the compounds,
BPA shows IC50 = 15 lg mL�1 which is the same as
the IC50 of Cisplatin, IC50 = 15 lg mL�1. Next BPF
also exhibits a moderate toxicity of IC50 = 37 lg mL�1.
Interestingly, the newly prepared compound PYBP
does not exhibit any toxicity, IC50 > 100 lg mL�1.

Curing behavior of benzoxazines

The ring opening polymerization of the prepared
monomers is presented in Scheme 3. The lone pair
on the nitrogen atom of the benzoxazine ring on
heating drives the ring opening to create iminium
nitrogen cation and a secondary carbanion. Further,
the secondary carbanion on this unstable structure
reacts with the iminium cation followed by keto-enol
tautomerism that results in a polymer network. The
thermograms of BPF and PYBP monomers obtained
from DSC are presented in Figs. 2 and 3, respectively.
The curing temperatures of the above monomers are
presented in Table 2.

The curing onset of the BF-dda monomer starts at
183�C and ends at 273�C with the Tp at 249�C.
However, the curing onset of the PYBP-dda monomer
starts at 140�C and ends at 256�C with Tp at 198�C
showing a decrease in the value of Tp of 50�C when
compared to that of BF-dda. Similarly, the curing of
BF-oda starts at 209�C and ends at 275�C with Tp of
239�C. The curing of PYBP-oda starts at 166�C and
ends at 263�C with Tp of 209�C and again shows a
decrease of 30�C in the value of Tp when compared to
that of BF-oda. However, it was noticed that the

Table 1: Toxicity data (IC50) of the compounds against
human embryonic kidney cells

Compound IC50 (lg mL�1)

BPA 15 ± 1.5
BPF 37 ± 1.0
PYBP > 100
Cisplatin (standard) 15 ± 1.0
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fluoroaniline-based benzoxazines, BF-fa and PYBP,
have a similar pattern of curing with Tp of 237 and
236�C, respectively. From the DSC analysis, it was
observed that the curing temperatures of PYBP-based
benzoxazines are comparatively lower than those of
BPF-based benzoxazines. This might be due to the
presence of amide bond of the N-acetyl group on the
pyrazolidine ring which lowers the curing tempera-

ture.52 In addition, the PYBP-based benzoxazine
monomer liberates at a comparatively lower enthalpy
than those of BF-based monomers.

In the FTIR spectra (Fig. 4), the disappearance of
the peak at 916 cm�1 represents the occurrence of ring
opening polymerization reaction. Further, the peak at
1463 cm�1 corresponds to the trisubstituted benzene
ring of the polymer. The peaks observed at 2948 and
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2893 cm�1 correspond to the asymmetric and symmet-
ric stretching vibrations of methylene group (–CH2–)
of oxazine ring, respectively, as well as the long alkyl
side chain of the dda and oda groups. The absence of
peaks at 1242 and 1090 cm�1 for the C–O–C bond of
the benzoxazine monomer and the absence of peak at
1152 cm�1 for the asymmetric stretching of C–N–C of
benzoxazine monomer clearly infer the occurrence of
curing reactions.

Thermal behavior

The thermal stability of polymeric materials enhances
their industrial utility mainly for high temperature and
flame retardant applications. Hence, it is highly desir-
able to assess the thermal behavior of benzoxazines
prepared in the present work. The thermal stability was
studied using TGA and the data obtained are pre-
sented in Fig. 5 and Table 3.

The thermal degradation temperatures correspond-
ing to 5% and 10% weight loss are presented in
Table 3 along with the char yield obtained at 900�C.
The poly(BF-dda), poly(BF-oda), and poly(BF-fa)
showed 5% weight loss at 378, 391, and 396�C,
respectively, and the poly(PYBP-dda), poly(PYBP-
oda), and poly(PYBP-fa) showed 5% weight loss at
340, 362, and 365�C, respectively. The results were in a
similar pattern for 10% weight loss. However, the
maximum degradation temperatures for poly(BF-dda),
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Table 2: Curing behaviors of BPF and PYBP monomers

Monomers Ti (�C) Tp (�C) Tfinal (�C) DH (mJ mg�1)

BPF-dda 183 249 273 34
BPF-oda 209 239 275 35
BPF-fa 174 237 275 53
PYBP-dda 140 198 256 6
PYBP-oda 166 209 263 9
PYBP-fa 181 236 262 17
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poly(BF-oda), and poly(BF-fa) were 449, 461, and
471�C which were quite similar to that of poly(PYBP-
dda), poly(PYBP-oda), and poly(PYBP-fa) having
maximum degradation temperatures of 422, 471, and
510�C, respectively. Even though the 5% and 10%
weight loss temperatures for BPF-based benzoxazine
matrices were higher when compared to that of PYBP-
based benzoxazine matrices, the Tmax temperatures of
both the benoxazines were quite similar and higher
than 400�C. On the other hand, the char yields of
poly(BF-dda), poly(BF-oda), and poly(BF-fa) at 900�C
were 26%, 29%, and 38%, respectively, whereas the
char yields of poly(PYBP-dda), poly(PYBP-oda), and
poly(PYBP-fa) were 28%, 40%, and 44%, respec-
tively. It is significant to mention that the char yields
of the PYBP-based benzoxazines were higher than that
of the BPF-based benzoxazines, and this value directly
influences and contributes to enhanced values of LOI.
The LOI values were calculated using the Van Krev-
elen and Hoftyzer relation between the char yield and
LOI, which is given in equation (2).53

LOI ¼ 17:5þ 0:4 CRð Þ ð2Þ

Here, CR is the percentage char yield of the sample
remaining at 850�C. It is experimentally proven that
the materials having higher LOI values are flame
retardant in nature. The LOI of poly(BF-dda),
poly(BF-oda), and poly(BF-fa) were 27.9, 29.1,
and 32.7, respectively, whereas the LOI of poly
(PYBP-dda), poly(PYBP-oda), and poly(PYBP-fa)
were 28.7, 33.5, and 35.1, respectively. In the case of
the pyrazolidine-based benzoxazines, the poly(PYBP-
oda) and poly(PYBP-fa) possessed the highest char
yield and LOI values, which might be due to the
presence of thermally stable pyrazolidine heterocyclic
core and fluorine atom of the aromatic side chain.

Morphological properties of polybenzoxazines

In order to ascertain the microstructure of both BPF
and PYBP-based benzoxazines, the scanning electron
microscopic (SEM) images were taken and are pre-

sented in Fig. 6. Interestingly, poly(BF-dda) and
poly(BF-oda) as well as poly(PYBP-dda) and poly
(PYBP-oda) showed roughness on their surfaces when
compared to those of poly(BF-fa) and poly(PYBP-fa).
In particular, the poly(BF-oda) and poly(PYBP-oda)
showed wrinkled ripples morphology. The long-chain
octadecylamine present in both cases showed jagged
protrusion (Figs. 6b and 6e). These rough surfaces can
thus repel the water causing hydrophobicity. In the
case of 4-fluoroaniline monomers, poly(BF-fa) and
poly(PYBP-fa) showed only smooth surfaces as attrib-
uted from Figs. 6c and 6f, respectively.

The water contact angle (WCA) values of the
polymer-coated MS specimens obtained are presented
in Fig. 7. The WCA of uncoated MS was 58.6�. The
WCA of the MS coated with poly(BPF-dda),
poly(BPF-oda), and poly(BPF-fa) were 92.4�, 100.3�,
and 77.6�, respectively. The octadecyl long-chain-based
poly(BPF-oda) showed higher WCA, due to the
hydrophobic nature of the alkyl chain. Whereas, in
the case of poly(PYBP)-based benoxazines, the WCA
of the MS-coated with poly(PYBP-dda), poly(PYBP-
oda), and poly(PYBP-fa) were 99.8�, 111.2�, and 85.8�,
respectively. Here also the octadecyl alkyl chain
influenced the WCA to 111.2� which was the highest
value observed among the different benzoxazines
prepared in the present work. The poly(PYBP-oda)
prepared in the present work can be used as a better
coating material on the surface of MS to create
hydrophobicity.

Morphological properties
of polybenzoxazine-coated mild steel

After being coated with mild steel, the SEM images of
the plates were taken and are shown in Figs. 8a–8e.
From these figures, it is clear that the plates coated
show roughness, particularly in the cases of poly(BF-
oda) and poly(PYBP-oda) holding a hydrophobic long-
chain octadecyl group. The existence of the roughness
on the surfaces of the MS coated with poly(BF-oda)
and poly(PYBP-oda) is the possible reason for having
higher hydrophobicity and in turn, a higher WCA
value.

Table 3: Thermal behaviors of benzoxazines

Sample Degradation temperature (�C) Char yield % at 900�C LOI

T�5% T�10% Tmax

Poly(BF-dda) 378 406 449 26 27.9
Poly(BF-oda) 391 414 461 29 29.1
Poly(BF-fa) 396 415 471 38 32.7
Poly(PYBP-dda) 340 373 422 28 28.7
Poly(PYBP-oda) 362 391 471 40 33.5
Poly(PYBP-fa) 365 395 510 44 35.1
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Fig. 6: SEM images of (a) poly(BF-dda), (b) poly(BF-oda), (c) poly(BF-fa), (d) poly(PYBP-dda), (e) poly(PYBP-oda), (f)
poly(PYBP-fa)

Fig. 7: Water contact angle images of (a) poly(BF-dda), (b) poly(BF-oda), (c) poly(BF-fa), (d) poly(PYBP-dda), (e) poly(PYBP-
oda), (f) poly(PYBP-fa)
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Electrochemical studies of the coated and uncoated
mild steel specimens: open-circuit potential (Eocp)
analysis

The effectiveness of the coating was assessed with the
help of open-circuit potential (Eocp) measured for the
mild steel immersed in 3.5% NaCl medium. The plot of
Eocp vs time is shown in Fig. 9. The Eocp is one of the
key parameters to obtain an idea about the nature of
the film formed on the steel plates.54 Eocp for the

uncoated mild steel specimen was around � 670 mV.
The Eocp values of the coated specimens shifted toward
the anodic region by nearly 200 mV. The tendency of
the Eocp to shift toward the anodic direction is the
indication of high corrosion resistance offered by
coatings formed on the electrode surface which pre-
vents the diffusion of the corrosive species in the film.
A greater shift was noticed in the case of poly(PYBP-
oda)-coated specimen, which possessed more corrosion

Fig. 8: SEM images of mild steel coated with (a) poly(BF-dda), (b) poly(BF-oda), (c) poly(BF-fa), (d) poly(PYBP-dda), (e)
poly(PYBP-oda), (f) poly(PYBP-fa)
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resistance behavior when compared to that of other
coated specimens and bare mild steel specimen.

Polarization and electrochemical impedance
studies of coated and uncoated mild steel specimens

The kinetics of the anodic and cathodic corrosion
reactions have been studied using the potentiodynamic
polarization method. Tafel plots of the coated and
uncoated mild steel specimens are shown after 48 h of
immersion time in 3.5% NaCl solution (Fig. 10).

The corrosion parameters such as corrosion poten-
tial Ecorr, corrosion current icorr, and cathodic and
anodic Tafel slopes have been obtained by the extrap-
olation of Tafel curves.54 The obtained parameters are
presented in Table 4. Tafel extrapolations indicate that
the polymer-coated specimens show a positive shift of
around 200 mV in the corrosion potential when com-
pared to that of bare mild steel specimen. As corrosion
potential Ecorr shifts toward the anodic region (noble
region), the corrosion resistance also increased.55–59

From the Tafel plot, it can be noted that the surface of
the mild steel specimen has more corrosion resistance
behavior after coating. In addition, the corrosion
current for the coated specimens decreased signifi-
cantly when compared to that of bare mild steel
specimen. The lower polarization current supports the
better corrosion resistance of the coatings.60 All these
polymers possess an effective corrosion-resistant
behavior and prevent corrosion on the surface of the
mild steel. From the Tafel plot, it can also be seen that
poly(BF-oda)-coated MS shows better corrosion resis-
tance when compared to that of the other two
poly(BF-dda) and poly(BF-fa)-coated specimens. This
may be due to the presence of the hydrophobic long
alkyl chain. Similarly, in the case of poly(PYBP) series,
poly(PYBP-oda) exhibited more positive Ecorr value
and less corrosion current which corroborates the
observation made in the OCP curves. This is due to the
presence of pyrazoline ring with enriched nitrogen and
N-acetyl group which increases the interactive forces of
the polymer with the mild steel specimen, thus leading
to the formation of adherent coating which prevents
the intrusion of the corrosive medium into the coating

metal interface. The efficiency (g) of the corrosion
coating is calculated using the following equation (3),

g ¼ icorr blankð Þ � icorr coatedð Þ
icorr blankð Þ � 100 ð3Þ

where icorr (blank) and icorr (coated) are the corrosion
current density of bare MS specimen and that of
specimens coated with benzoxazines, respectively.61

Normally, corrosion will take place when there is a
diffusion of the corrosive medium into the coating
metal interface due to the presence of small pores in
the coating or delamination of the coating due to
instability of the film in the corrosive medium. This
induces the oxidation and reduction reactions to occur
at the metal–coating interface, which causes the cor-
rosion phenomenon to take place on metal substrate.

At the anode, oxidation of the metal takes place

Fe ! Fe2þ þ 2e� ð4Þ

At the cathode, reduction reaction takes place

O2 þ 2H2Oþ 4e� ! 4OH� ð5Þ

The product of the overall reaction of the anode and
the cathode presented in equations (4) and (5) is
Fe(OH)2. The adherent coating offered by the pre-
pared polybenzoxazines will thus prevent the contact
of oxygen/electrolyte to the metallic surface. Hence the
occurrence of the above reaction is inhibited. The
efficiency of poly(BF-dda), poly(BF-oda), and
poly(BF-fa) calculated from equation (3) were
83.44%, 85.52%, and 82.06%, respectively. Similarly,
the efficiency of poly(PYBP-dda), poly(PYBP-oda),
and poly(PYBP-fa) were 87.60%, 90.00%, and 84.13%,
respectively. In both the series, the PBz holding
hydrophobic octadecyl chain displayed higher effi-
ciency values for corrosion resistance coating than that
of other dodecyl chain or 4-fluoroaryl chain-based
benzoxazine samples.

Electrochemical impedance spectroscopy (EIS) is an
important tool to investigate the coatings. Nyquist
plots derived from the EIS measurements for the

Table 4: Potentiodynamic polarization studies of the coated and uncoated mild steel specimens in 3.5% NaCl
solution

Specimens Ecorr (mV) Icorr (lA) ba (mV) bc (mV) Efficiency g (%)

Bare MS � 763 145 170 83 –
Poly(BF-dda) � 642 24 109 77 83.44
Poly(BF-oda) � 610 21 79 63 85.52
Poly(BF-fa) � 704 26 78 78 82.06
Poly(PYBP-dda) � 582 18 74 110 87.60
Poly(PYBP-oda) � 557 15 72 106 90.00
Poly(PYBP-fa) � 593 23 85 122 84.13
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coated and uncoated mild steel specimens in 3.5%
NaCl solution are shown in Fig. 11. The corrosion-
resistant behaviors of all samples were discussed in
terms of coating resistance (Rc), solution resistance

(Rs), coating capacitance (Cc), charge transfer resis-
tance (Rct), double-layer capacitance (Cdl), and con-
stant phase element representing double-layer
capacitance (Qdl).

62,63 Hence, fitting of all EIS data is
done using the equivalent circuit model represented in
Figs. 12a and 12b.

In fact, when an electrode is in contact with the
electrolyte solution, a double layer forms. The forma-
tion of the double layer can be analyzed with the help
of EIS data in terms of semicircles. The double layer is
considered to be the capacitor in the equivalent circuit.
In the real capacitor, electrons are responsible for
charge accumulation which gives a perfect semicircle.
In double-layer capacitors, electrons from the metal
side and ions from the solution side are responsible for
double layer formation. Actually, several factors affect
the formation of a perfect semicircle such as greater
volume of the ions than the electrons, roughness of the
electrode, surface and mass transfer resistance in the
system.58 Hence, a deformed Nyquist curve (incom-
plete semicircle) is obtained.55,64,65 As expected in the
EIS theory, all the coated and uncoated MS specimens
give an incomplete semicircle. The impedance param-
eters are obtained by fitting using EC-Lab software.
The data obtained are presented in Table 5. The Rc

and Rct values of all the coated specimens increase
when compared to that of uncoated specimen. Among
the polymer-coated mild steel specimens, the dodecyl
chain moieties, namely poly(BF-oda) and poly(PYBP-
oda), have a capacitive loop with greater diameter and
obviously they have maximum Rc and Rct values. In
particular, the poly(PYBP-oda) showed greater Rc and
Rct values of 220 and 381 kX cm�2, respectively. This
film offers a high compact coating when compared to
that of the rest of the samples. For bare MS (uncoated
specimen), a very small capacitive loop was obtained
which has a lower Rct value of 11 kX cm�2. The results
obtained in EIS are in good agreement with Tafel and
OCP results. Further, the results obtained were also
comparable with the results from the earlier litera-
ture.29,54 The promising results of the poly(PYBP-oda)
indicate that the newly developed polybenzoxazine
discussed in the present study can be used as an effec-
tive corrosion-resistant material for mild steel under
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electrochemical impedance spectroscopy

Table 5: Parameters of corrosion and impedance kinetics

Samples Rs (X cm2) CPEc Rc (kX cm2) CPEdl Rct (kX cm2)

(F sn�1) n (F sn�1) n

Bare MS 6.34 05.75 9 e�2 0.878 1.3 11.64 9 e�3 0.737 11
Poly(BF-dda) 08.94 01.30 9 e�2 0.803 25 02.26 9 e�3 0.897 210
Poly(BF-oda) 09.83 08.03 9 e�3 0.773 51 01.03 9 e�2 0.781 278
Poly(BF-fa) 03.78 16.07 9 e�3 0.904 15 08.03 9 e�3 0.560 146
Poly(PYBP-dda) 09.23 24.04 9 e�3 0.649 75 07.90 9 e�4 0.993 287
Poly(PYBP-oda) 09.21 02.24 9 e�4 0.540 220 02.70 9 e�4 0.725 381
Poly(PYBP-fa) 08.25 10.13 9 e�3 0.661 58 02.58 9 e�3 0.872 227
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different conditions. The nontoxic nature of the
poly(PYBP-oda) could also extend its application to
the marine environment.

Conclusion

The replacement of toxic bisphenol-A-based benzox-
azine with nontoxic pyrazolidine-based benzoxazine
(PYBP) or less toxic bisphenol-F (BPF) and their
application toward corrosion resistance on mild steel
was achieved. The new PYBP series displayed a low
curing temperature of about 30–50�C when compared
to those of BPF-based benzoxazines. The thermal
properties of poly(PYBP-oda) (char yield = 40%,
LOI = 33.5) and poly(PYBP-fa) (char yield = 44%,
LOI = 35.1) were also higher when compared to those
of poly(BPF-oda) (char yield = 29%, LOI = 32.2)
and poly(BPF-fa) (char yield = 38%, LOI = 32.2).
Further, the prepared PBzs were coated on mild steel
to investigate their efficiency toward corrosion resis-
tance in 3.5% NaCl solution. The corrosion protection
behavior of the coated specimens were carried out
using open-circuit potential (OCP), electrochemical
impedance spectroscopy (EIS), and potentiodynamic
polarization. The results obtained from Tafel and
Nyquist plots indicated that the polybenzoxazine-
coated mild steel possessed an excellent corrosion
resistance behavior when compared to that of uncoated
mild steel. Among the coated mild steel specimens
studied, the poly(PYBP-oda)-coated specimen offered
better corrosion protection behavior and possessed an
efficiency of 90% and higher charge transfer resistance
(Rct) of 381 kX cm2. The promising results of the
poly(PYBP-oda) indicate that the newly developed
polybenzoxazine discussed in the present study can be
used as an effective corrosion-resistant material for
mild steel under different conditions including marine
environment.
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