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ARTICLE INFO ABSTRACT

Keywords: In this work, a new and effective polymeric coating is used to improve mild steel’s corrosion
Schiff base moiety resistance. The coating incorporates a Schiff base moiety into a benzoxazine (BZ) precursor,
Benzoxazine

resulting in improved protection against corrosion. The SF-Tol-BZ polymerization behavior and
thermal properties were studied using differential scanning calorimetry (DSC) and thermal-
gravimetric analysis (TGA), respectively, at different curing temperatures. The poly(SF-Tol-BZ)
cured at 240 °C had a Tg4;¢ value of 604 °C and a Tg of 225 °C. The efficacy of poly(SF-Tol-BZ)
coatings in protecting mild steel (MS) from corrosion in a NaCl (3.5%) solution at room tem-
perature was evaluated using various corrosion measurements, including open circuit potential
(OCP), and electrochemical impedance spectroscopy (EIS). The results showed that increasing the
poly(SF-Tol-BZ) concentration led to a corresponding increase in its protective efficiency,
reaching a maximum of 92% at a concentration of 300 g/L. The coatings also exhibited a 24-fold
increase in Ret values and a one-order-of-magnitude reduction in CPE compared to the bare mild
steel. Finally, the poly(SF-Tol-BZ) precursors demonstrated a CO uptake of 23 mg g~ (measured
at 298 K).

Ring-opening polymerization
Polybenzoxazine
Electrochemical measurements
Anticorrosion efficacy

1. Introduction

Corrosion is a natural process where materials, especially metals, can be destroyed through chemical and electrochemical reactions
with their surroundings. Corrosion is thought to cost the world economy over US$2.5 trillion per year [1]. Metals, particularly carbon
steel, are widely used in the industrial field due to their good mechanical properties, low cost, excellent, and availability [2]. However,
due to their remarkable anti-corrosion properties and eco-friendliness, conducting polymers have gained more and more attention as
protective coatings or as film-forming corrosion inhibitors [3]. Organic coatings frequently prevent corrosion on metal surfaces by
creating a barrier layer. Due to their high electron density from heteroatoms like oxygen, nitrogen, sulfur, and aromatic rings, they
have been demonstrated to be efficient anti-corrosion inhibitors for mild steel in a variety of corrosive conditions [4-9]. Due to its low
dielectric constants, low water absorption, and good chemical and heat resistance, polybenzoxazine (PBZ) is a promising material for
corrosion prevention [10-15]. Schiff bases materials have also been reported to be effective corrosion inhibitors for metals like mild
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steel, aluminum, zinc, and copper in corrosive media. This is because they tend to absorb onto a metal surface, thereby hindering active
corrosion centers [16-20]. Moreover, it has been found that Schiff bases with aromatic rings and ~-C=N- groups in their molecular
structure are better corrosion inhibitors than their corresponding amines and aldehydes [21,22]. Chitosan salicylaldehyde Schiff base
has also been shown to inhibit corrosion on Q235 steel through adsorption onto its surface [23]. Another study reported that chitosan
vanillin material inhibited the corrosion process on mild steel (MS) by forming a protective layer on its surface, which was confirmed
using AFM and WCAs analyses [24]. In addition, polybenzoxazine has been used in various applications, including antifouling and
anticorrosion coatings [25,26], high flame retardancy polymers [27], high voltage insulation materials [28], and is a perfect candidate
for deriving carbon structures with applications catalysis, beyond energy, and environment. Using it in carbon materials is due to its
high char yield following carbonization [29]. Currently, two approaches suggested to soften polybenzoxazine coatings are introducing
nanofiller (e.g., carbon nanotube) [30] or plastic polymers to alloy polybenzoxazine [31], the other is introducing flexible silane or
alkyl long-chain segments to the branched-chain or backbone of benzoxazine monomers [32,33]. This study focuses on introducing an
effective Schiff base moiety into a benzoxazine precursor through molecular design. The aim is to enhance the corrosion protection of
MS by developing polybenzoxazine (e.g., poly(SF-Tol-BZ)) coatings. The effectiveness of these coatings in a seawater environment was
evaluated using various techniques, including open circuit potential (OCP), potentiodynamic polarization (Tafel curves), and elec-
trochemical impedance spectroscopy (Nyquist and Bode plots). Additionally, the corrosion protection mechanism was elucidated. The
polymerization behavior and thermal stability of the SF-Tol-BZ monomer and its corresponding PBZ were investigated through
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and Fourier-transform infrared spectroscopy (FTIR) an-
alyses at different curing temperatures. Furthermore, the CO, uptake of poly(SF-Tol-BZ) after curing temperature at 240 °C was
evaluated through BET measurement.

2. Experimental
2.1. Material

1,4-Phenylenediamine (CgHgN2, 97%), terephthalaldehyde, 4-hydroxybenzaldehyde (C;HgO2, 98%), paraformaldehyde (97%), p-
toluidine (>99.5%), chloroform, methanol, toluene, ethanol, and acetone were obtained from different commercial suppliers. The
starting material (SF-BZ 20H) was prepared as previously reported [34,35] (as depicted in Scheme 1).

2.2. Preparation of Schiff base functional BZ monomer (SF-Tol-BZ) [35]

To prepare SF-Tol-BZ, SF-BZ 20H, p-toluidine, and paraformaldehyde were reacted together in the presence of toluene/ethanol
(2:1). Specifically, 6.33 mmol (2 g) of SF-BZ 20H, 13.1 mmol (1.4 g) of p-toluidine, and 26.7 mmol (0.8 g) of paraformaldehyde were
mixed and stirred at 80 °C for 3 h. The resulting solid residue was then dissolved in chloroform (50 mL) and washed with 0.5 N sodium
carbonate solutions before being dried over a layer of magnesium sulfate. Upon evaporating the chloroform, SF-Tol-BZ was obtained as
a reddish-yellow solid [Scheme 1]. TH-NMR (Fig. S1, 8): 4.65 and 4.78 (s, 4H, -N-CH,-Ar), 5.39 and 5.41 (s, 4H, -O-CH; -N), 8.34 (s,
2H, -N=CH-). 13C.NMR (Fig. S1) &: 50.54 (-N-CH»-Ar), 80.50 (-O-CH2-N), 145.50 (-N-Ar), 117-135 (phenyl carbons).

2.3. Polymerization of Schiff base functional BZ monomer (SF-Tol-BZ)
The thermosetting polybenzoxazine, known as poly(SF-Tol-BZ), was synthesized by subjecting around 0.001 g of SF-Tol-BZ

monomer to a curing process in an oven. The curing process involved a step profile with temperatures of 120, 140, 160, 180, 200,
and 210 °C, each for a duration of 2 h. As the temperature increased, the material’s color gradually changed from reddish yellow to
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Scheme 1. Representing the synthesis of SF-Tol-BZ monomer.
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black. The synthesis procedure and chemical structures of the SF-Tol-BZ monomer and its resulting poly(SF-Tol-BZ) are illustrated in
Scheme 2.

2.4. Preparation of poly(SF-Tol-BZ) coatings on mild steel (MS)

The MS used in this study had a chemical composition of 0.19% Mn, 0.05% Si, 0.022% Cu, 0.94% C, 0.009% P, 0.004% S, 0.014%
Ni, 0.009% Cr, 0.016% V, 0.003% Ti, 0.034% Al, and 98.709% Fe [9], and was obtained from the Egyptian Petroleum Research
Institute. Before coating, the surface of the MS substrates (10 x 20 x 1 mm) was polished with sandpaper and then washed with
acetone, methanol, and water. The substrates were then dried under a vacuum. A series of chloroform solutions containing different
concentrations of SF-Tol-BZ (50, 100, 150, 200, and 300 g/L) was prepared, filtered through the paper to remove insoluble residues,
and used to coat the MS substrates by a dip coating method. The film thickness of all samples was kept constant at approximately 2 pm.
The coated MS samples were air-dried for 24 h and then cured in an oven at 200 °C for 2 h.

3. Results and discussion
3.1. Polymerization behavior of SF-Tol-BZ

The Schiff base functionalized benzoxazine was analyzed using DSC and FTIR techniques to study its polymerization behavior. The
ring-opening polymerization (ROP) of BZ monomer is known to be influenced by synergistic hydrogen bonding interactions. Previous
studies have shown that blending benzoxazine with chitosan leads to a remarkable reduction in the ROP temperature of benzoxazine to
70 °C, due to the formation of Schiff base structure [36]. In the present study, the SF-Tol-BZ monomer showed a low melting point of
approximately 65 °C based on the DSC chart [Fig. 1], which may be attributed to the crystalline regions [37]. This low melting point
suggests that the SF-Tol-BZ has good processing performance. The DSC thermograms for the uncured SF-Tol-BZ monomer after
different curing processes are presented in Fig. 1. The exothermic peak (curing temperature) for the uncured SF-Tol-BZ was observed at
around 253 °C. We observed that the exothermic peak gradually decreased after each thermal curing stage. The exothermic peak
completely disappeared after curing at 180 °C, indicating complete ROP. The poly(SF-Tol-BZ) cured at 240 °C exhibited a high T, of
210 °C, as observed from the DSC thermogram. This value is significantly higher than that poly(DIS-PA-meaxfal00-x) [38]. To gain a
deeper understanding of the ROP behavior of SF-Tol-BZ (Fig. 2), further investigation was carried out using FTIR. Following the curing
process at 180 °C, the characteristic absorption bands at 1229 and 921 cm™!, associated with the C-O-C and oxazine rings, respec-
tively, were completely absent. This observation aligns with the findings from the DSC analysis, reinforcing the obtained results.

3.2. Thermogravimetric analysis (TGA) of SF-Tol-BZ

The delocalization of n electrons in polymers with long conjugated = bonds generally leads to higher thermal resistance, as reported
in the literature [39,40]. To investigate the thermal stability of the SF-Tol-BZ and its polymers at different curing stages, TGA was
performed. As depicted in Fig. 3, the onset of degradation and char yield of the samples increased with increasing curing temperature,
due to the cross-linking in the thermosetting polymer via the ROP of the oxazine unit and liquid crystal (LC) structure [41]. The C=N
imine linker and the & conjugated electrons resulted in the formation of excess cross-linking points in the system. The poly(SF-Tol-BZ)
exhibited a char yield of 54 wt% under N (at 800 °C), indicating excellent fire resistance [42]. Among the cured samples, the poly
(SF-Tol-BZ) thermoset cured at 240 °C showed the highest thermal stability, with an onset of degradation (10 wt% loss) above
604 °C. This value is one-time higher than that reported for the LC polybenzoxazine in previous studies [43]. The higher onset of
degradation temperature is due to the formation of the nematic phase structure at a temperature of approximately 120 °C, mainly due
to the better ability of the mesogenic Schiff base to form LC, which also acts as a center cross-link of the PBZ network. These results
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Scheme 2. Thermal curing polymerization to produce poly(SF-Tol-BZ) from SF-Tol-BZ precursor.
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Fig. 1. DSC thermograms of uncuring SF-Tol-BZ monomer and after different curing process.
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Fig. 2. FTIR spectra of uncuring SF-Tol-BZ monomer and after different curing process.
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Fig. 3. TGA of uncuring SF-Tol-BZ monomer and after different curing process.
suggest that the Schiff base-based BZ is a promising material for high-temperature applications with a wide processing temperature

range for subsequent thermal recycling processes. A summary of the thermal properties of The poly(SF-Tol-BZ) at different curing
stages is presented in Table 1. The poly(SF-Tol-BZ) precursors demonstrated a CO, uptake of 23 mg g~ ! (at 298 K, Fig. 52).
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3.3. Corrosion evaluations of poly(SF-Tol-BZ) coatings

The corrosion resistance of poly(SF-Tol-BZ) coatings on MS was evaluated using electrochemical impedance spectroscopy (EIS),
open circuit potential (OCP), and potentiodynamic polarization. OCP-time measurements of the coating were conducted at different
concentrations of the polymer and bare MS, as illustrated in Fig. 4. The values of OCP of the coating samples in a 3.5% aqueous solution
of NaCl varied compared to bare MS. However, as the concentration of the polymer increased, a more positive shift in OCP values was
observed, indicating that poly(SF-Tol-BZ) coatings have a high ability to prevent the corrosion of MS. The maximum shift in OCP
values was —250 mV for the polymer coating at a concentration of 300 g/L, which is about one order of magnitude higher than that
reported for quinazoline Schiff base inhibitors [16]. This first result under OCP conditions suggests that the poly(SF-Tol-BZ) coatings
can disrupt or inhibit redox reactions on the surface of MS [44]. The positive shift in OCP values with increasing concentrations of
polymer coatings indicates the toughness of the layer surface for polymer coatings, thus the optimal corrosion protection [45].

3.4. Potentiodynamic polarization measurements

We also conducted a potentiodynamic polarization test on both bare and coated MS samples to obtain the Tafel plot. The exper-
iment was carried out in a 3.5% aqueous solution of NaCl with different concentrations of poly(SF-Tol-BZ) at room temperature, with a
scan speed of 0.4 mV/s from —1000 to —100 mV, as shown in Fig. 5. By extrapolating the cathodic and anodic Tafel lines, they
determined the corrosion current density (I.ory) and corrosion potential (Ecor). They also calculated the percentage of corrosion
protection efficiencies (IE %) using the following formula (1) [46].

Leorr — Leorr(c
IE % = =<2 — 2o o 100 €h)

corr

where I is the corrosion current obtained for bare MS and I..(c) is the corrosion current for coated MS. Also, the corrosion rate(CR)
values were calculated using the following formula (2) [47,48]:
Loy X K X EW

CR= o (2

Where K is the corrosion rate constant (3272 mm year '), EW is the equivalent weight for MS (27.9 g), p the density of MS (7.85 g
crn’3), and A is the sample area (1 cmz).

The results of the potentiodynamic polarization and Tafel plot analyses are summarized in Table 2 and Fig. 5. The data show that
the poly(SF-Tol-BZ) coatings have a significant effect on both the anodic and cathodic Tafel slopes, especially at concentrations of 200
and 300 g/L. As the concentration of the polymer coating increased, both the anodic and cathodic reactions were gradually suppressed.
The corrosion protection efficiency of the coatings was also improved by shifting the E oy values to more positive potentials. For
example, the E, values shifted from —946 mV for bare MS to —721 mV for coated MS at a concentration of 50 g/L, and to —319 mV
for coated MS at 150 g/L. A more electropositive value indicates the formation of a passive layer on the MS surface. As the concen-
tration of the coating increased to 200 and 300 g/L, the E,, values shifted to negative potentials of —432 and —503 mV, respectively,
indicating that the coating can be used as a mixed inhibitor [49]. The L., and CR values of the coatings also significantly decreased as
the concentration of Schiff base based PBZ increased. The coating at a concentration of 300 g/L exhibited the best protective behavior
against corrosion, with the lowest value of Io [50,51]. The maximum protection efficiency of 92.26% was achieved at 300 g/L for the
poly(SF-Tol-BZ). Poly(SF-Tol-BZ) coatings exhibit exceptional corrosion protection due to the incorporation of key functional groups
such as -C=N-, phenolic groups (-OH), and aromatic rings. These structural elements are responsible for the superior anti-corrosive
properties observed in the MS when coated with poly(SF-Tol-BZ) [16]. Overall, the results demonstrate that poly(SF-Tol-BZ) coat-
ings have a high ability to prevent corrosion of MS, and the corrosion protection efficiency of the coatings is significantly improved
with increasing concentration.

3.5. EIS measurements

EIS is a valuable tool for studying corrosion as it provides essential insights into the properties of a metal surface, electrochemical
kinetics, and coating adsorption by analyzing impedance spectra [52]. In this study, the corrosion behavior of MS in a 3.5% NaCl

Table 1
TGA results of SF-Tol-BZ before and after thermal treatments.
Sample code Cure temp (°C) Tgs (°C) Ta10 (°C) Char yield at 800 °C
SF-Tol-BZ RT 216 252 39
120 480 508 41
150 497 521 42
180 512 538 48
200 520 554 54
220 548 586 53
240 572 604 51
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Table 2

Fig. 4. OCP-time plots of bare MS and poly(SF-Tol-BZ) coatings at different concentrations.
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2

1

Samples Ecorr (mv) Teorr (WA cm™ %) Rp (KQ) CR (pm year ) 1IE (%) Surface coverage (0)
MS —951 15.5+ 0.6 24 +0.2 98 + 0.6 - -

50 g/L -726 4.1+ 0.4 2.8+ 0.4 51 + 0.4 73.55 + 0.2 0.74

100 g/L —584 3.5+0.2 2.9+ 0.5 48 £ 0.5 77.42 £ 0.3 0.77

150 g/L —325 3.0+0.2 3.2+03 32+0.3 80.65 + 0.4 0.81

200 g/L —432 2.3+0.3 6.2+ 0.4 30+0.2 89.19 +£ 0.3 0.89

300 g/L -503 1.2+05 15.3 £ 0.8 22+ 0.2 92.26 + 0.6 0.92

solution was investigated using EIS at room temperature, both with and without poly(SF-Tol-BZ) coatings. Fig. 6 and S3 display the
Nyquist plot of both the bare MS and coated MS at varying concentrations of poly(SF-Tol-BZ). The impedance Z was measured as a
function of frequency o, which consists of two components, real (Zr) and imaginary (Zi) impedance, resulting from the system’s
resistance and capacitance/inductance elements, respectively. The Nyquist plots for both MS and coated MS had the same shape but
with increased diameters, indicating enhanced resistivity. At low frequencies, non-ideal semicircles were observed in the loops,
revealing the non-ideal behavior of the double layers as a capacitor due to frequency dispersion resulting from the MS surface’s
non-homogeneity and roughness [9]. In order to accurately represent coatings with heterogeneities in their mesostructure and
chemical composition, it was determined that utilizing the constant phase element (CPE) is more appropriate for describing the
double-layer capacitance at the interface between the electrode and electrolyte, as opposed to relying solely on the ideal electrical
capacitance [53]. The impedance of CPE is expressed using the following formula (3) [54].

ZepE =71
CPE Y() (jw)n

(3)
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Fig. 6. Nyquist plots of poly(SF-Tol-BZ) coatings at different concentrations.

Where Y is the magnitude of the CPE, j is an imaginary unit, o is an angular frequency (o = 2xf), where f is the coating frequency and n
is the phase shift. The results obtained from EIS analysis (presented in Table 3) indicate that an increase in the concentration of Schiff
base-based PBZ results in an increase in charge transfer resistance (R¢) and a decrease in double-layer capacitance Cq; (CPE), indicating
reduced porosity of the coatings and improved protection against corrosive agents. These EIS results are consistent with Tafel and
Eocp-time results, where the sample coating with a concentration of 300 g/L showed the highest corrosion protection performance.
When compared to bare MS, R increased by 9 times and Cq; decreased by one order of magnitude for the sample coating with a
concentration of 200 g/L. However, when the concentration of the polymer coating was increased to 300 g/L, R increased by 24
times. Fig. 7 presents the Bode plots of MS and coated MS at different concentrations of poly(SF-Tol-BZ). In the low-frequency range, it
was observed that the Z modules of the coated MS at the concentration of 300 g/L increased by around four orders of magnitude more
than those of bare MS, indicating an improved barrier property of the poly(SF-Tol-BZ) coating on MS. At a frequency of 0.01 Hz, the
mild steel coated with a concentration of 300 g/L of the newly introduced coating demonstrates the highest |Z| value. This value is
considerably greater than that observed for the previously reported PBza-d400 coating by Zhao et al [55].

3.6. Corrosion protection mechanism

The key mechanism responsible for the corrosion prevention capability of MS involves the adsorption of coating molecules onto its
surface, as depicted in Fig. 8. This adsorption process can occur either chemically or physically, leading to the formation of a protective
layer. The adsorption process is influenced by various factors, including the functional group, electron density of donor atoms, and the
interaction between the p and d orbitals of the coating and the MS surface. Previous research indicates that when Schiff base is
adsorbed on MS surfaces in 1 M HCI solutions, chemisorption tends to dominate over physisorption [13]. The adsorption process is
mainly driven by the exchange reaction between the coating and HoO molecules, which can be expressed by the following equation (4):

Schif base PBZ, + X (H>0) s = Schif base PBZ,; + H,0,, “4)
Where Schif base PBZ; is the coating that adsorbed on the MS surface in the salt solution, and X is the number of H,0 molecules that

are displaced by the Schiff base-based PBZ coating. Additionally, the coating molecules combine with the newly produced Fe?* ions,
resulting MS-coating complex as shown in the following Equations (5) and (6):

Fe— Fet? 4+ 2¢~ 5)
Fe™ + Schif base PBZ,q4— [Fe — Schif base PBZ] Zjﬁ} 6)
Where [Fe — Schif base PBZ] (ffm presents the Fe*2-coating complex at the interface

3.7. Scanning electron microscopy (SEM)

Fig. 9 presents the results of SEM analysis conducted on both bare and coated mild steel (MS) substrates before and after elec-
trochemical testing. In Fig. 9(a), the surface of the bare MS substrate appears rough, indicating a well-polished surface. However, after
exposure to a corrosive medium (3.5% NaCl solution), Fig. 9(b) reveals a high concentration of corrosion products on the surface of the
bare MS substrate. In contrast, Fig. 9(c) displays the SEM image of the poly(SF-Tol-BZ) coating on MS after the corrosion tests. It shows
a smooth and fully covered surface, devoid of any pits or cracks. This observation is similar to the surface morphology of the PBza-
d400-coated steel reported previously [55]. The findings indicate that the application of poly(SF-Tol-BZ) coatings effectively
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Table 3
EIS results of Schiff base based PBZ coatings at different concentrations.
Samples R; (@ cm?) CPE(F) n Rec (Q cm?) References
MS 18.6 6.64 x 1074 0.824 1340 This work
50 g/L 21.1 3.31 x 1074 0.711 1970 This work
100 g/L 30 3.06 x 1074 0.710 4840 This work
150 g/L 47.9 6.73 x 107° 0.718 5570 This work
200 g/L 81.9 5.59 x 107> 0.653 9370 This work
300 g/L 120.3 3.21 x 107° 0.655 24230 This work
MMDQ at concentration of 1.0 mM 0.88 - 0.84 245.157 [13]
PBA-AN(0.5 mg mL) - - 0.83 23200 [34]
[o (MS) (50gl) o (100gl) @ (150gL) @ (200g/L) @ (300 glt)
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Fig. 7. Bode plots of bare MS and poly(SF-Tol-BZ) coatings at different concentrations.
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Fig. 8. Corrosion protection mechanism of poly(SF-Tol-BZ) coating on MS.

mitigates the rapid dissolution of MS by facilitating the adhesion of coating molecules to its surface. This adhesion process creates a
protective barrier that significantly reduces the rate of corrosion of MS in a 3.5% NacCl solution.

4. Conclusions

In this study, the molecular design of benzoxazine was successfully achieved by incorporating a Schiff base moiety into the ben-
zoxazine. The resulting BZ, named SF-Tol-BZ, exhibited complete ROP at a lower temperature of 180 °C, compared to traditional
benzoxazines like SA-Hex-BZ, which required 210 °C for complete ROP. This improved reactivity was attributed to the presence of the
catalyst Schiff base moiety in SF-Tol-BZ. Furthermore, thermalgravimetric analysis (TGA) results demonstrated that poly(SF-Tol-BZ)
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Fig. 9. SEM images of MS before (a) and after immersion in 0.5% NaCl without (b) and with (¢) 300 g/L of SF-Tol-BZ, for 0.5 h at 35 °C.

cured at 240 °C exhibited excellent thermal stability, maintaining stability up to 604 °C. This suggests that the material holds promise
for high-temperature applications. Poly(SF-Tol-BZ) coatings were prepared on MS at various concentrations and subjected to thermal
curing. These coatings displayed high efficiency in protecting MS against corrosion in a 3.5% NaCl solution. At a concentration of 300
g/L, the coatings achieved a corrosion protection efficiency of 92.3%, with an associated corrosion current density (Ioor) of 1.2 pA/
em?. Notably, the I.o value of poly(SF-Tol-BZ) was more than two orders of magnitude lower than that of poly(SA-Hex-BZ) (243 pA/
cm?). The enhanced corrosion protection observed in the poly(SF-Tol-BZ) coatings can be attributed to the presence of specific
functional groups such as -C=N-, phenolic (-OH) groups, and aromatic rings. These functional groups play a crucial role in promoting
better adsorption of the polymer onto the mild steel (MS) surface. As a result, they contribute to the improved corrosion resistance
offered by the coating. This finding was corroborated by SEM surface morphology analysis. Moreover, the decrease in double-layer
capacitance values, represented by CPE) with increasing polymer coating concentration indicates the formation of a thicker elec-
trical double-layer and a lower local dielectric constant. These factors contribute to the effective corrosion protection of the coating by
facilitating its adsorption at the metal/solution interface.
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