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Abstract
A novel benzoxazine (BA-BZ-COOH) monomer has been prepared and its structure has been proved using various measure-
ments. PBA-BZ-COOH/nanocomposites reinforced with varying content of modified nanoclay (MNC) have been prepared 
in situ polymerization method for superior thermal, optical, and anti-corrosion properties. The resulting nanocomposites are 
showed a good dispersion of MNC in the PBA-BZ-COOH matrix without aggregates and a partial intercalated/exfoliated 
structure. The PBA-BZ-COOH/MNC (3%) composite that cured at 210 °C had high glass transition temperature (190 °C),  
and high UV shielding (97 and 85% at wavelength 275 and 375 nm, respectively). Finally, PBZs nanocomposites with vary-
ing contents of MNC (0.5, 1, 2, and 3%) were prepared as coatings on MS and their anti-corrosion performance were dis-
cussed in detail. The electrochemical results showed enhanced the polarization resistance of nanocomposites coatings with  
the increase of MNC content and the capacitance value for PBA-BZ-COOH/ MNC (3%) composite coating was reduced by 
about one orders of magnitude (0.00937 µF  cm2), compared with the neat PBA-BZ-COOH coating (0.01306 µF  cm2). Thus, 
PBA-BZ-COOH/MNC nanocomposites can be widely used for many industrial applications.

Keywords Ring-opening polymerization · Polybenzoxazine · Mild steel · Anti-corrosion behavior

Introduction

Benzoxazine monomers are heterocyclic precursors usually 
synthesized through Mannich condensation reaction of phe-
nolic derivatives, aldehyde, and primary amines in the absence  

of any catalyst and either in solvent or solventless methods 
[1–12]. Their corresponding polybenzoxazines (PBZs) are 
one type of thermosetting polymers which frequently used 
in many potential applications because they have superior 
advantages, such as low dielectric constants, high thermal 
stability, near-zero polymerization shrinkage, high glass 
transition temperatures, low surface free energy, high carbon 
residue content, and superhydrophobic surfaces [13–27]. 
Nevertheless, PBZs have some disadvantages, such as a 
high curing temperature and difficulty in processing [20–25]. 
Ronda et al. prepared a series of benzoxazine monomers 
containing COOH and they found that the acid character of 
these reactive benzoxazine monomers led to an increase of 
the oxonium concentration, thus catalyzing the ROP of the 
oxazine rings [25]. UV radiation is one of the environmental 
factors which cause degradation for semiconductor devices, 
dyes, and pigments, so improved the UV resistance of mate-
rials for increasing their service lifespan has much atten-
tion in the ten last years. PBZs often have low UV shield-
ing because of easily destroyed their backbone (Mannich 
Bridge) under UV radiation [28]. Kumar et al. developed the 
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UV shielding performance of PBZ using bio-silica, cardanol, 
and a new bis(quinoline amine) nanocomposite [29]. In 
general, the incorporation of nanocomposites into organic 
polymers could improve the properties of polymers (such 
as thermal stability, tensile stress, toughness, modulus, and 
corrosion, and UV resistance) [29–33]. Polymer/nanoclay 
composites have been the most important in academic and 
industry fields because of the good dispersion of clay parti-
cles in the polymer matrix and the controlling of clay-poly-
mer interactions [34]. Additionally, nanoclay has been supe-
rior properties, such as a high capacity for cation exchange, 
low cost, easy modification of its surface and it could hin-
der the free motion of polymer chains [35]. Recently, our 
group reported that the addition of nanoclay (Na-bentonite) 
to PBZs coatings, their corrosion resistance properties on 
mild steel (MS) in a different corrosive media was enhanced 
which attributed to the good dispersion of silicate layers in 
the PBZ matrix [36, 37]. Furthermore, the improvement of 
thermal, mechanical, and anti-corrosion properties of PBZs 
was achieved by blending PBZ matrix with different materi-
als including siloxane-polyimide (SPI), epoxy, polyurethane, 
and clay nanocomposites [38–43]. PBZs/inorganic hybrid 
nanocomposites have many potential applications including 
conductive coatings, mold releasing agents, packaging mate-
rials, green flame-retardants, low dielectric constant, adhe-
sive layers, and microelectronic fabrication devices [44–46]. 
Laatar et al. revealed that unsaturated polyester reinforced 
with modified montmorillonite (UP/OMMT) nanocompos-
ite coatings showed higher corrosion protection efficiency 
(96.84%) than that of the unmodified montmorillonite (UP/
MMT) nanocomposite coatings (72.94%) on stainless steel 
in seawater media [47]. Herein, a novel benzoxazine mono-
mer (BA-BZ-COOH) containing a catalytic COOH group 
was prepared through Mannich condensation of (1E,4E)-
1,5-bis(4-hydroxyphenyl)penta-1,4-dien-3-one (BHBA), 

4-aminobenzoic acid, and paraformaldehyde in 1,4-dioxane, 
as shown in Scheme 1. After that, the PBA-BZ-COOH/mod-
ified nanoclay (MNC) (0, 0.5, 1, and 3%) composites were  
prepared in situ polymerization method. The structure and 
properties of PBA-BZ-COOH/modified nanoclay (MNC) (0,  
0.5, 1, and 3%) composites were investigated by FT-IR, TEM, 
SEM, XRD, DSC, TGA, and UV–Vis spectroscopy. Finally, 
the anti-corrosive behavior of PBA-BZ-COOH and PBA- 
BZ-COOH/MNC nanocomposites coatings on MS were 
evaluated using PDP and EIS in a 3.5% of NaCl solution.

Experimental

Materials

4-Aminobenzoic acid, paraformaldehyde  (CH2O)n, 
4-hydroxybenzaldehyde, boron trifluoride diethyl etherate 
 (BF3O(C2H5)2) (37%), acetone  (C3H6O), ethyl acetate (EA), 
methanol  (CH3OH), tetrahydrofuran (THF), 1,4-dioxane, 
sodium bicarbonate  (NaHCO3), and diethyl ether  (C2H5)2O 
were obtained from Across Chemical Company and used 
as received. Hydrophilic nanoclay powder (Na-bentonite) 
and tetrabutylammonium iodide (TBAI) are obtained from 
Aldrich (Hamburg, Germany).

Preparation of (1E,4E)‑1,5‑bis(4‑hydroxyphenyl)
penta‑1,4‑dien‑3‑one (BHBA)

The BHBA was prepared according to a procedure reported else-
where [48, 49]. Yield: 85%,  Tm: 230 °C. 1H-NMR (400 MHz, 
DMSO-d6, δ, ppm, Fig. S1): 6.83, 7.63 (m, 8H, ArH), 7.03–7.68 
(m, 4H, CH = CH), 10.00 (s, 2H, OH). FT-IR (KBr,  cm−1): 3325 
(OH stretching), 1675.11 (C = O stretching), 1597 (C = C stretch-
ing). ( +)ESI–MS m/z 266.15 (Calcd for  C17H14O3) (Fig. S2).

Scheme  1.  Synthesis of (b) BHBA, (c) BA-BZ-COOH, (d) PBA-BZ-COOH, and (e) further crosslinking of PBA-BZ-COOH from (a) 
4-hydroxybenzaldehyde
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Preparation 
of 4,4’‑(6,6’‑((1E,4E)‑3‑oxopenta‑1,4‑diene‑1,5‑diyl)
bis(2H‑benzo[e][1,3]oxazine‑6,3(4H)‑diyl))dibenzoic 
acid (BA‑BZ‑COOH)

A solution of 4-aminobnzoic acid (2.10 g, 0.015 mol), para-
formaldehyde (0.90 g, 0.030 mol) in 1,4-dioxane (50 mL) 
was stirred under reflux at 80 °C for 30 min. Then, the 
BHBA (2.00 g, 0.008 mol) was added with continuous 
stirring. After 1 h, 4,4’,4’’-(1,3,5-triazinane-1,3,5-triyl)
tribenzoic acid (intermediate of the reaction) was formed 
(Fig. S3). To overcome the formed triazine, the reaction 
temperature was raised to 100 °C and then the reaction was 
monitored by thin-layer chromatography (1:1, v/v EtOAc/ 
hexane) until the reactants were disappeared completely. 
After that, 1,4-dioxane was evaporated by a rotary evapora-
tor and the solid residue was dissolved in EA (100 mL) and 
washed three times with  NaHCO3 solution (5%), followed by 
water. The organic layer was dried over anhydrous  MgSO4, 
and the solvent was removed by a rotatory evaporator to 
afford a yellow powder. Yield: 60%. 1H-NMR (400 MHz, 
DMSO-d6, δ, ppm): 5.60 (s, 4H, O-CH2-N), 4.80 (s, 4H, 
Ph-CH2-N), 6.80–7.88 (m, 14H, ArH), 7.03, 7.82 (s, d, 4H, 
CH = CH), 12.20 (s, 2H, COOH).13C-NMR (400 MHz, 
DMSO-d6, δ, ppm), 48.17 (ph-CH2-N), 78.41 (O-CH2-N), 
188.51 (C = O), 162.12 (COOH), 188.51 (C = O. FT-IR 
(KBr,  cm−1): 1705.08 (C = O), 1601.79 (C = C), 1235.00 
(C–O–C), 925.00 (oxazine ring). ( +)ESI–MS m/z 591.41 
(Calcd for  C35H28N2O7) (Fig. S4).

Preparation of modified nanoclay (MNC)

The MNC was prepared via a cation exchange reaction 
between sodium cations of nanoclay and tetrabutylammonium 
iodide (TBAI) as organic ammonium salt (Organo-modifying 
agent) in distilled water, according to the procedure reported 
elsewhere [49]. A suspension of nanoclay (5.00 g) in distilled 
water (250 mL) was heated under stirring at 80 °C for 1 h. 
Subsequently, a solution of TBAI (2.50 g) and HCl (2.50 g) 
in distilled water (200 ml) was heated at 80 °C for 1 h and 
then was added into the nanoclay suspension with continuous 
stirring at the same condition for 3 h. The resulting precipi-
tate was collected by vacuum filtration and suspended in hot 
distilled water with stirring for 1 h and filtered off. The solid 
residue was washed several times with an aqueous solution 
of  AgNO3 (1.0 mol) to remove all the halide ions and further 
twice with ethanol and dried at 80 °C for 12 h.

Preparation of PBA‑BZ‑COOH and its 
nanocomposites

The PBA-BZ-COOH/MNC composites with various weight 
percentages of MNC were prepared in-situ polymerization 

method; for example, 3 wt% of MNC in PBA-BZ-COOH/
MNC composite was prepared as follows: 0.015 g of MNC 
was first dispersed in THF (20 mL) under the stirring at 
80 °C for 2 h. Then, 0.49 g of BA-BZ-COOH monomer 
was added to MNC suspension with stirring at the same 
temperature for 3 h. The composite mixture was applied on 
a stainless-steel plate as a film by spin coating and dried in 
an oven at 60 °C for 12 h. The resulting film was cured at 
180 °C for 2 h and was cooled to room temperature. The 
same method was also used to prepare the PBA-BZ-COOH/
MNC (0.5%) and PBA-BZ-COOH/MNC (1%) composites.

Preparation of the PBA‑BZ‑COOH and its 
nanocomposite coatings for corrosion tests

The mild steel (MS) specimens (composition, weight %: 
0.19% C, 0.94% Mn, 0.05% Si, 0.022% Cu, 0.009% P, 
0.004% S, 0.014% Ni, 0.034% Al, 0.009% Cr, 0.016% V, 
0.003% Ti and Fe remainder) were provided by the Egyptian 
Petroleum Research Institute, Cairo, Egypt. Its surface was 
polished with sandpaper and washed with distilled water, 
followed by acetone, and dried. A solution of BA-BZ-COOH 
monomer and the varying content of MNC (0, 0.5, 1, 2, 
and 3%) in THF (100 g  L−1) were sonicated separately for 
30 min until a homogeneous solution was obtained. Then, 
the MS was dipped repeatedly into the prepared solution 
to obtain a uniform film thickness (about 5 µm) for all the 
samples and then dried in air overnight and lastly cured in 
an oven at 210 °C for 2 h, as presented in Fig. S5.

Results and discussion

Preparation of BA‑BZ‑COOH

A novel benzoxazine monomer, BA-BZ-COOH has been synthe-
sized via Mannich condensation reaction of BHBA, 4-aminoben-
zoic acid, and paraformaldehyde in the 1,4-dioxane, as shown 
in Scheme 1. The chemical structure of the BA-BZ-COOH was  
confirmed by different analyses. The 1H-NMR spectrum of 
BA-BZ-COOH (Fig. 1a) features two sharp signals at 5.60 
and 4.80 ppm, representing N-CH2-O and Ar-CH2-N, respec-
tively in its oxazine ring and the signals observed in the range 
6.80–7.88 ppm; typically ascribed to aromatic protons [50). The 
characteristics signals for the CH = CH unit and COOH groups 
appeared at 7.03 and 12.20 ppm, respectively. The 13C-NMR 
spectrum of BA-BZ-COOH (Fig. 1b) characteristics two signals 
at 78.41 and 48.71 ppm, representing N-CH2-O and Ar-CH2-
N, respectively in its oxazine ring. The resonance signals for 
C = O and COOH groups appeared at 188.51 and 167.12 ppm, 
respectively. in addition, carbon signals centered at 123.22 and 
142.35 ppm which attributed to the presence of CH = CH unit 
[48].
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Figure 2 represents the FTIR spectra of BHBA, BA-
BZ-COOH, and PBA-BZ-COOH, recorded at 25 0C. The 
FT-IR spectrum of BHBA (Fig. 2a) featured absorption 
bands at 3325 and 1669  cm−1, representing to the stretch-
ing OH and C = O units, respectively. The FT-IR spectrum  
of BA-BZ-COOH (Fig.  2b) features  major absorption  
bands at 925 and 1235  cm−1 representing the oxazine ring, 
and C–O–C stretching. Also, the absorption bands centered 
at 3500–2928.90  cm−1 representing the hydrogen-bonded 
COOH dimer and free OH group [20]. The strong band 
centered at 1705.05  cm−1 attributed to the carbonyl (C = O) 
group. As expected, after thermal curing of the BZ precursor 
at 210 °C, the absorption bands of the oxazine ring com-
pletely disappeared and form PBA-BZ-COOH, as shown in 
Fig. 2c.

Figure 3 represents the UV–Vis absorption spectrum 
of BA-BZ-COOH in THF solution (6 ×  10–4 M), after irra-
diation at 365 nm for various times. As shown in Fig. 3,  
two absorption peaks have appeared at 355 and 290 nm, 
which representing π − π* transition of C = C bisbenzylidene 

moiety and δ − δ* transition of cyclobutane ring, respec-
tively. After each irradiation time, the intensity at 355 nm 
decreases while the intensity at 290  nm increases was 

Fig. 1.  1H and 13C NMR of BA-BZ-COOH in DMSO-d6, recorded at room temperature

Fig. 2  FTIR spectra of (a) BHBA, (b) BA-BZ-COOH, and (c) PBA-
BZ-COOH, recorded at 25 °C
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observed. This behavior strongly indicated that the BA-BZ-
COOH has photoreactive moiety (bisbenzylidene), which 
can be undergone to a photodimerization reaction when its 
exposure to light irradiation. All the above results suggesting 
a successful synthesis of the BA-BZ-COOH.

Thermal ring‑opening polymerization behavior 
of the BA‑BZ‑COOH

We used DSC and FT-IR analyses to study the polymeriza-
tion behavior of the neat BA-BZ-COOH and its nanocom-
posites. The DSC thermograms of the neat BA-BZ-COOH 
after various curing stages (Fig. 4a) featured a broad exother-
mic peak with an onset of about 160 °C and maximum at  
176 °C for the uncuring BA-BZ-COOH monomer. A broad 
exothermic peak is due to that the curing reaction of the 
oxazine ring is partially overlapped with the endothermic 
peak (decarboxylation reaction) at about 220 °C [51]. The 
lowering of the polymerization reaction peak for the BA-BZ-
COOH at 176 °C, can be attributed to the catalytic effect of 
the carboxylic acid groups compared with other benzoxa-
zines [52, 53]. After curing at 180 °C, this exothermic peak 
disappeared, which confirms the complete curing reaction 
of the benzoxazine precursor. The polymerization behavior 
of the BA-BZ-COOH was further studied by FT-IR spectra,  
as shown in Fig. 4b. From this Figure,  after each curing 
stage, the intensity absorption bands of benzoxazine mono-
mer (925, 1110, and 1235  cm−1) [51] gradually decreased 
and when the curing temperature was 180 °C, they are com-
pletely disappeared, indicating that the completion of the 
curing reaction at this temperature. Furthermore, the broad 
peak at about 3300  cm−1 was appeared due to intermolecular 
hydrogen bonding of phenolic–OH resulted from the open-
ing of the oxazine ring. Finally the absorption band of the 

COOH group at 1705.08  cm−1 gradually decreased after ther-
mal treatments at 180 and 210 oC, suggesting that the curing 
reaction of our new benzoxazine was done with partial decar-
boxylation of the COOH group [53]. The photoluminescence 
(PL) behavior of the BA-BZ-COOH was studied at various 
concentrations in THF, as shown in Fig. 5a. The PL intensity 
of the BA-BZ-COOH at 450 nm gradually increases when 
the concentration increased from  10-6 to  10-2 M. The increase 
of the blue fluorescence intensity band at 450 nm can be 
ascribed to the formation of aggregates from [54]. This AIE 
phenomenon of the BA-BZ-COOH was also confirmed by 
measuring the emission property of the BA-BZ-COOH mon-
omer in  H2O/THF mixtures at 365 nm, as shown in Fig. 5b. 
It was observed that the BA-BZ-COOH in pure THF solution 
gave a weak emission and when the water fraction increases 
from 0 to 90%, the emission intensity at 520 nm increased 
due to the solution aggregate and restriction of intramolecular 
motion through a space conjugation [55].

The effect of curing temperatures on the thermal stabil-
ity of the BA-BZ-COOH was studied using TGA analysis, 
as shown in Fig. 6, recorded under  N2 atmosphere from 25 
to 800 °C and their results are summarized in Table S1. In 
general, the TGA profile of the BA-BZ-COOH showed three 
main degradation steps; the initial step including drain of 
adsorbed water molecules and degradation of carboxyl group 
which was occurred in the temperature below 200 °C [20]. 
The second step can be observed in the temperature range 
250 to 350 °C, due to the cleavage of the Mannich bridge 
[52]. Finally, the release of phenols and degradation of aro-
matic rings in the polymer chain occurred between 350 to 
600 °C. It is seen from Fig. 6 and Table S1, the decomposi-
tion temperatures at 5 and 10 wt% and the char yield for 
the BA-BZ-COOH increase with the increase of the curing 
temperatures. After curing at 210 °C, the  Td5,  Td10, and char 

Fig. 3  UV–Vis absorption spectrum of the BA-BZ-COOH in THF 
solution

Fig. 4  (a) DSC and (b) FTIR analyses of BA-BZ-COOH before and 
after thermal treatments
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yield values of BA-BZ-COOH increased due to an increase 
in the cross-linkages resulted further from the decarboxyla-
tion process of the COOH group at this temperature. The 
thermal stability values for the BA-BZ-COOH, after curing 
at 210 °C are much higher than those BzFA and BzPFA [53]. 
The limiting oxygen index (LOI) values of the uncuring 

BA-BZ-COOH and after different curing stages (Table S1) 
are theoretically calculated using the char yield values, by 
the following Van Krevelen and Hoftyzer equation [56].

where CY is the percentage of the char yield at 800 °C, and 
the LOI values for PBA-BZ-COOH were > 38, indicates that 
our PBZ materials possess high flame retardancy property, 
which can be effectively used as non-phosphorus and non-
halogen flame retardant materials for various industrial and 
engineering applications in the form of sealants, encapsu-
lants, and coatings [36].

Characterization of organomodified nanoclay 
(MNC) and characterization of PBA‑BZ‑COOH/MNC 
nanocomposites

The modification of nanoclay aims to enhance its dispers-
ibility and compatibility with a polymer chain by an ionic 
exchangeable agent. Herein, we have modified the nanoclay 
(Na- bentonite) using TBAI as ammonium salt in distilled 
water (Scheme 2).

The XRD patterns of unmodified nanoclay and MNC 
showed in Fig. 7A, which were performed from 4 to 40°. 
Interestingly, the broad diffraction peak of unmodified nan-
oclay was observed at 2θ=6.16° and d-spacing of 14.348 
°A (Fig. 7A(a)). Then after its modification, this diffraction 
peak of MNC shifted to a smaller angle at 6.28° and d-spac-
ing was increased to 14.074 °A (Fig. 7A(b)), due to the inter-
calated of alkylammonium cations into the clay layers [57]. 
The structures of unmodified nanoclay and MNC were also 
examined by FT-IR spectra, as shown in Fig. 7B. Figure 7B 
(a) showed the FTIR spectrum of the unmodified nanoclay 
which features the appearance of the bands at 3451 and 
1642  cm−1, corresponding to O–H stretching and bending, 
respectively, and the bands at 1042 and 523  cm−1 are charac-
teristics to Si–O and Si–O-Al stretching in unmodified nano-
clay, respectively. On the other hand, the FT-IR spectrum of 
MNC (Fig. 7B(b)) features three new absorption bands at 
2876, 2964, and 1384  cm−1, attributed to −  CH2, −  CH3, and 
C-N, respectively in the modifying agent, compared with 
the unmodified nanoclay [58], indicating that the TBAI was 
strongly intercalated into the silicate layers in the unmodified 
nanoclay. The PBA-BZ-COOH/MNC (0.5, 1, and 3%) com-
posites were prepared in-situ polymerization process, which 
is based on intercalation of a monomer inside the silicate 
layers in THF and thermal ROP, as shown in Scheme 2. In 
the XRD pattern of PBA-BZ-COOH/MNC (3%) composite 
(Fig. 7A(c)), we observed that the diffraction peak shifted 
to be 6.7° and interlayer spacing is significantly increased to 
be 13.193 °A compared with the unmodified nanoclay and 
MNC, suggesting that the polymer intercalated the MNC. 
It was also found that a weak intensity peak at 6.16° was 

LOI = 17.5 + 0.4 CY

Fig. 5  Photoluminescence analyses of the BA-BZ-COOH at different 
THF concentrations (a) and with different water contents (b)

Fig. 6  TGA analyses of the BA-BZ-COOH before and after thermal 
treatments
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remained in the PBA-BZ-COOH/MNC (3%) composite, 
indicating that a partially exfoliated nanocomposite structure  
was obtained, which is in good consistent with the pre-
vious  reported  [49]. Furthermore, the new absorption 
peak appeared at 1042  cm−1 in the FTIR spectrum of the 
PBA-BZ-COOH/MNC (3%) composite, due to the Si–O  
stretching of silicate layers, suggesting that the polymer 
intercalated in between the silicate layers in the MNC.

Figure 8(a) displays DSC thermograms of the BA-BZ-
COOH/MNC (3%) composite before and after different cur-
ing stages. It can be observed that the exothermic peak for 
the uncuring BA-BZ-COOH/MNC (3%) composite signifi-
cantly shifted into lower curing temperature (135 °C) com-
pared with the neat BA-BZ-COOH (176 °C) in this study 
and is much lower than that of TPEP-BZ/SWCNT nano-
composites (262 °C) [59]. This due to the presence of the 
catalytic effect of carboxylic acid groups and an onium ion 
in the MNC surface [49]. The two endothermic peaks were 
also observed at 190, and 240 °C, which are corresponding 

to the decarboxylation reaction and evaporation of water 
molecules in the MNC, respectively. However, the exother-
mic peak and endothermic peak were disappeared gradually 
with the increase of the curing temperature. After curing 
at 180 °C, the exothermic peak is completely disappeared, 
indicating that the ring-opening polymerization of the oxa-
zine unit in nanocomposites was done at this temperature. 
Similarly, this behavior was also confirmed by FT-IR analy-
ses (Fig. 8b). These results imply that the COOH groups 
and the MNC molecules are accelerating the polymerization 
reaction of benzoxazine in the resulting nanocomposites to 
lower temperatures. Also, after curing at 210 °C, the result-
ing PBA-BZ-COOH/MNC (3%) nanocomposites exhibited 
higher glass transition temperature  (Tg) (190 °C) than that 
of the PBA-BZ-COOH (120 °C) as showed in the DSC ther-
mograms (Fig. 4a). The increase in the  Tg value of PBA-BZ-
COOH/MNC(3%) composite is because that the MNC with 
the alkyl side chain acts as a stiffening agent and restricted 
motion of the polymeric chains [60].

Scheme 2.  Schematic cartoon 
for the preparation of modified 
nanoclay and PBA-BZ-COOH/
MNC composites

Fig. 7  (A) XRD profiles of (a) unmodified nanoclay, (b) unmodified nanoclay (MNC), and PBA-BZ-COOH/MNC (3%). (B) FTIR spectra of (a) 
unmodified nanoclay, (b) unmodified nanoclay (MNC), and PBA-BZ-COOH/MNC (3%).
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The dispersion of the modified nanoclay (MNC) in the 
resulting PBA-BZ-COOH was investigated by transmis-
sion electron microscopy (TEM). Figure 9 displays the 
TEM images of PBA-BZ-COOH /MNC (3%) composites. 
It can be seen the uniform platelets and intercalated tac-
toids of the same thicknesses were achieved in the result-
ing nanocomposites with MNC. In addition, the presence 
of a few stacks and bundles can be attributed to the Van 
der Waals interactions between the MNC layers. The hair-
like structures without aggregates can be also observed for 
nanocomposites with MNC, due to enhancing the inter-
facial interactions between MNC and PBA-BZ-COOH 
matrix [61].

The surface morphologies of the neat PBA-BZ-COOH 
and its nanocomposites with varying content of MNC are 
also investigated by SEM images as shown in Fig. 10. 
SEM images of the neat PBA-BZ-COOH showed the sur-
face is flat and very smooth, suggesting a hydrophilic 
surface (Fig. 10a). The SEM image of PBA-BZ-COOH/
MNC (0.5%) composite (Fig. 10b) showed the surface is 
rough, and the existence of some small particles on the 

surface. However, the number of the small particles and 
rougher surfaces of nanocomposites increased with the 
increasing of the MNC contents. Furthermore, a homo-
geneous dispersion of MNC particles in the PBA-BZ-
COOH matrix was achieved for PBA-BZ-COOH/MNC 
(3%) composite (Fig. 10c and d), which ascribed to the 
stronger interaction between PBA-BZ-COOH chains and 
the MNC surface.

Optical properties of the PBA‑BZ‑COOH and its 
nanocomposites

Figure 11a shows the UV–Vis absorption spectra of the neat 
PBA-BZ-COOH and its nanocomposites with various con-
tents of MNC (0.5, 1, and 3 wt %) in THF (6 ×  10–4 M). The 
UV–Vis absorption spectrum of the neat PBA-BZ-COOH fea-
tured an absorption peak maximum at 332 which due to π-π* 
transition in bisbenzylidene moiety. The absorption intensity 
of PBA-BZ-COOH is gradually reduced as the MNC content 
increase in the nanocomposites. This suggests that the com-
patibility and effective chemical interactions between MNC 

Fig. 8  (a) DSC and (b) FTIR analyses of PBA-BZ-COOH/MNC (3%) nanocomposites before and after thermal treatments

Fig. 9  TEM images of the 
PBA-BZ-COOH/MNC (3%) 
composites
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and PBA-BZ-COOH matrix. Thus, these nanocomposites can 
be used as effective UV protection coatings. The UV shielding 
behaviors of the neat PBA-BZ-COOH and its nanocompos-
ites were investigated using UV–Vis spectroscopy, recorded 
as transmittance spectra (Fig. 11b). From this Figure, it can 
be observed that the UV shielding behavior of the nanocom-
posites enhanced with the increase of the MNC content com-
pared with the neat PBA-BZ-COOH. The PBA-BZ-COOH/
MNC (3%) composite showed a higher UV shielding behavior 
about of 97 and 85% at the wavelength of 275 and 375 nm: 
respectively. Whereas the neat PBA-BZ-COOH showed only 
80 and 50% of UV shielding radiation at the same conditions. 
Therefore, the enhancement of UV shielding performance of 
the nanocomposite films can be attributed to a uniform disper-
sion of MNC in the PBA-BZ-COOH matrix and the formation 
of strong interfacial bonding between the MNC and PBA-BZ-
COOH matrix.

Anti‑corrosive behaviors of the PBA‑BZ‑COOH 
and its nanocomposite coatings

The Potentiodynamic polarization (PDP) measurements 
(Tafel curve) have been used to examine anti-corrosion 

behaviors of the neat PBA-BZ-COOH and its nanocom-
posites coatings with various content of modified nano-
clay (MNC) on MS in 3.5% NaCl solution at ambient 

Fig. 10  SEM images of (a) PBA-BZ-COOH, (b) PBA-BZ-COOH/MNC (0.5%), and (c, d) PBA-BZ-COOH/MNC (3%)

Fig. 11  (a) UV–Vis absorption and (b) UV–vis light transmittance 
spectra of neat PBA-BZ-COOH and its nanocomposites
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temperature, as shown in Fig. 12. The corrosion current den-
sities ( icorr ), corrosion potential ( Ecorr ), anodic Tafel slope 
( �a ) and cathodic slope ( �c ) parameters for all the tested 
samples were determined by volt master 4 software [62] for 
the cathodic and anodic curves. The corrosion rate ( CR ) and 
the corrosion protection efficiency ( � ) values of the samples 
are calculated using Eqs. (1) and (2), respectively, based on 
the icorr densities values [54, 63, 64].

where EW is the equivalent weight of the MS (g  eq–1), k is 
the CR constant (3272 mm  year–1), icorr is the corrosion cur-
rent density (µA  cm−2), A is the electrode area  (cm2), and ρ 
is the MS density (g  cm–3).

(1)CR =
EW × k × icorr

A�

(2)� =
icorr − icorr(c)

icorr
× 100

where icorr and icorr (c) are the corrosion current densities for 
the bare MS and coated MS, respectively.

All the obtained PDP parameters are summarized in 
Table 1. As shown in Fig. 12 and Table 1, after MS coated 
with PBA-BZ-COOH precursors, all the anodic and the 
cathodic currents significantly reduced, indicating hinders 
the anodic dissolution and prevent the penetration of corro-
sive ions (water and chloride ions) and access to MS surface, 
due to the barrier effect of the composite’s coatings [47, 65]. 
The anti-corrosion performances of the nanocomposite coat-
ings enhanced as their MNC content were an increase, due 
to the increased resistance of the nanocomposite coatings 
to the diffusion of the corrosive ions [66, 67]. The CR value 
of the PBA-BZ-COOH/MNC (3%) composite coating was 
(4.848 µm  Y−1), this value lower by 3 times (11.120 µm  Y−1) 
and 30 times (145.40 µm  Y−1) compared with that of the 
neat PBA-BZ-COOH coating and the bare MS, respectively. 
the PBA-BZ-COOH/MNC (3%) coatings reduced the CR of 

Fig. 12  Tafel plots of uncoated 
MS (1) and MS coated with 
PBA-BZ-COOH (2), PBA-
BZ-COOH/MNC (0.5%) (3), 
PBA-BZ-COOH/MNC (1%) 
(4) PBA-BZ-COOH/MNC (2%) 
(5), and PBA-BZ-COOH/MNC 
(3%) (6) in 3.5 wt.% NaCl

Table 1  Potentiodynamic polarization data of uncoated MS and MS coated with PBA-BZ-COOH, PBA-BZ-COOH/MNC (0.5%), PBA-BZ-
COOH/MNC (1%), PBA-BZ-COOH/MNC (2%), and PBA-BZ-COOH/MNC (3%)

Coating Samples Ecorr
(mV vs. SCE)

icorr
(µA  cm−2)

βa
(mV  dec−1)

βc
(mV  dec−1)

CR
(µm  Y−1)

RP
(kΩ  cm2)

η
(%)

Bare MS -803.0 12.4395 281.9 -228.2 145.40 3.68 -
PBA-BZ-COOH -777.5 0.9511 254.7 -222.9 11.12 50.06 92.35
PBA-BZ-COOH/MNC (0.5%) -756.5 0.7796 247.7 -214.9 9.118 53.44 93.73
PBA-BZ-COOH/MNC (1%) -714.5 0.5389 248.5 -216.1 6.302 77.37 95.67
PBA-BZ-COOH/MNC (2%) -713.0 0.4803 247.0 -204.8 5.618 93.25 96.14
PBA-BZ-COOH/MNC (3%) -687.5 0.4146 248.5 -206.1 4.848 110.35 96.67
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MS much better than 3% nanoclay content and 20% epoxy 
resin/poly(CP-BZ).

nanocomposite coating (8.21 µm  Y−1) [37]. Moreover, 
Ecorr for MS coated with nanocomposites gradually shifted 
towards the more positive potential with the increase of the 
MNC content, compared with bare MS, indicating that the 
nanocomposites coatings had surface passivation and pro-
tection efficiency reaching a maximum of 96.67%. Further-
more, the Rp of PBA-BZ-COOH/MNC (3%) composite coat-
ing was 110.35 kΩ  cm2, increasing of almost of 2 times was 
observed compared with that of the neat PBA-BZ-COOH 
(50.06 kΩ  cm2), and with that of 5% content of modified 
nanoclay polystyrene nanocomposites (CPS-AC5) [68]. 
This superior anti-corrosion behavior of our nanocompos-
ite coatings can be attributed to the presence of the MNC 
barrier effect and a long π-electron conjugation of a polymer 
matrix, which caused a greater coverage for the MS surface. 
Also, the slopes of the anodic Tafel ( �a ) and cathodic Tafel 
( �b ) lines are independent of nanocomposites as in Table 1. 
Where, anodic, and cathodic Tafel lines in the presence of 
nanocomposites often parallel to their counterparts for the 
MS bare. The anti-corrosive behaviors of the neat PBA-BZ-
COOH and its nanocomposites with various content of mod-
ified nanoclay (MNC) are further evaluated using EIS meas-
urements in 3.5 wt% NaCl solutions at ambient temperature. 
The Nyquist plots for the bare MS and the coated MS are 
presented in Fig. 13. From this figure, the same shapes for all 
curves were observed, but with different diameters, suggest-
ing a similar anti-corrosive mechanism. The low-frequency 
loops showed that there is no ideal semi-circle, which was 
detected according to the EIS theory. This behavior can be 
attributed to the non-ideal performance of the double layers 

as a capacitor, because of the frequency dispersion, which 
is generally related to roughness and the heterogeneity of 
the MS surface [69]. The capacitive loop diameters of the 
nanocomposite’s coatings increased with an increase in their 
MNC content, indicating that the charge transfer resistance 
increases and enhancement in anti-corrosive performance 
on MS surfaces.

We used an equivalent electric circuit model to be fitting 
of all the EIS data as shown in Fig. 14, which is typically 
simulated for the bare MS and coated MS electrodes, where 
Rs is the solution resistance (working electrode/reference 
electrode interface); Rct and CPE is the charge transfer resist-
ance and the coatings capacitance (working electrode/elec-
trolyte interface), respectively. As is known, the Rs values 
do not technically or theoretically important in the analysis 
of the coating performance [70]. Herein, we replaced the 
capacitance of the coating samples with the constant phase 
element ( CPE ) to obtain a better fit for the experimental 
data [71]. In this study, EIS parameters were fitted using the 
ZSimpWin program and the results are tabulated in Table 2, 
the impedance of CPE was evaluated by Eq. (4) [72, 73]

where Yo is the CPE magnitude, ( n ) is the phase shift, j is 
the imaginary unit, � is the angular frequency ( � = 2�fmax ), 
where f is the coatings frequency.

The double-layer capacitance parameters ( Cdl ) of all the 
coatings were calculated from CPE values by Eq. (5) [74].

(4)ZCPE =
1

Y0(j�)
n

(5)Cdl = Y◦ (�max)
n−1

Fig. 13  Nyquist plots of uncoated MS (1) and MS coated with PBA-
BZ-COOH (2), PBA-BZ-COOH/MNC (0.5%) (3), PBA-BZ-COOH/
MNC (1%) (4), PBA-BZ-COOH/MNC (2%) (5), and PBA-BZ-
COOH/MNC (3%) (6) in 3.5 wt.% NaCl

Fig. 14  The equivalent electrical circuit for the EIS data of the MS 
bare (a) and MS coating (b) in 3.5 wt% NaCl solution
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where Yo and �max are the CPE constant and an angular fre-
quency, respectively. The n values are in the range from 0.51 
to 0.52, suggesting that the circuit components behave as 
non-ideal capacitive.

The EIS corrosion protection efficiency ( �I ) was deter-
mined using Eq. (6) [75].

where Rct and R◦

ct
 are the values of charge transfer resistance 

of coated MS and bare MS, respectively.
From Table 2, the  Rct values of MS significant increases 

from 0.354 kΩ  cm2 for bare MS to 4.357 kΩ  cm2 for the neat 
PBA-BZ-COOH coating and the highest value (5.552 KΩ 
 cm2) for PBA-BZ-COOH)/MNC (3%) composite coating. 
However, when the MNC content in the PBA-BZ-COOH 
matrix was increased, the Rct values increases and the Cdl 
values significantly decreased, indicating that the formed 
protective film between substrate/electrolyte interfaces is 
improved with the MNC content increase [76, 77]. The 
plots of the impedance versus the frequency (Bode plots) 
and angle phase for the bare MS and Ms coated with PBA-
BZ-COOH, PBA-BZ-COOH/MNC (1%), PBA-BZ-COOH/
MNC (3%) are shown in Fig. S6. The impedance  (Zreal) value 
is related to the resistance and the capacitance of the coat-
ing. From the Bode plot, it has been observed that the values 
of  Zreal at low frequency (LF) of composites coatings were 
significantly increased after coated MS, compared with that 
of the bare MS, representing increases resistance of the coat-
ings and decreases their capacitance, due to their had high 
ability against water and electrolytes. This result suggested 
that composites coatings could enhance the anti-corrosive 
performance of MS. Furthermore, from the phase angles 
plot, the variation of phase angles was seen clearly, which 
typically exposes the corrosion process of the specimens. 
Appeared peaks at high frequency indicate the protecting 
effect of the coatings, while that at intermediate frequency 
reveal that the coatings containing some micropores [69]. On 
the other hand, the phase angle of the bare MS just had one 
peak at the LF range, due to the occurrence of the corrosion 

(6)�1 =
Rct − R

◦

ct

Rct

process on its surface. The mechanism of anti-corrosive 
behavior of MS coated with PBA-BZ-COOH/MNC compos-
ites is shown in Fig. 15. Finally, the electrochemical Nyquist, 
Bode, and Tafel results confirm that the effectively dispersed 
MNC in the PBA-BZ-COOH matrix and the strong adhe-
sion on MS substrates were led to the superior anti-corrosive 
behaviors of the nanocomposites coatings.

Adhesion test

The adhesion property of the neat PBA-BZ-COOH and its 
nanocomposite coatings on MS was evaluated by the cross-
cut method [78], recorded by SEM analysis, as shown in 
Fig. S7. In general, each of the coatings did not show any 
peeling after the cross-cutting, indicating their strong adhe-
sion to the MS substrate, which can be attributed to the con-
jugate of the PBZ matrix and the ability of COOH groups 
to form a strong hydrogen bonding with OH groups of the 
MS. The smoothness and adhesion of the cutting edge of 
the coatings are significantly enhanced with increasing the 
MNC contents in their nanocomposites, compared with the 
neat PBA-BZ-COOH coating. However, the diffusibility of 
the MNC and formation of Van der Waals interaction with 
MS substrate as well as the intercalated/exfoliated nano-
composite structure because of the formation of a physical 
interlocked structure with the substrate [79].

Table 2  EIS data of uncoated 
MS and MS coated with PBA-
BZ-COOH, PBA-BZ-COOH/
MNC (0.5%), PBA-BZ-COOH/
MNC (1%), PBA-BZ-COOH/
MNC (2%), and PBA-BZ-
COOH/MNC (3%)

Coating samples Cdl
(µF  cm2)

Rp
(Ω  cm2)

Qdl
(µΩ−1sn  cm2)

n Rct
(kΩ  cm2)

η1
(%)

Bare MS ― ― 1.238 0.77 0.354 ―
PBA-BZ-COOH 0.01306 62.42 0.2728 0.52 4.375 91.91
PBA-BZ-COOH/MNC (0.5%) 0.01256 65.94 0.2656 0.52 4.753 92.55
PBA-BZ-COOH/MNC (1%) 0.01175 69.24 0.2559 0.51 5.018 92.95
PBA-BZ-COOH/MNC (2%) 0.01031 71.88 0.2326 0.54 5.297 93.32
PBA-BZ-COOH/MNC (3%) 0.00937 79.91 0.2313 0.55 5.552 93.62

Fig. 15  Schematic cartoon for anti-Corrosion behavior mechanism of 
the MS coated with PBA-BZ-COOH/MNC composites
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Conclusions

A novel benzoxazine monomer (BA-BZ-COOH) and its 
nanocomposites have been successfully prepared. The DSC 
analysis of BA-BZ-COOH showed a significantly lower 
polymerization temperature (167 °C) compared with the 
classical benzoxazine monomers due to the presence of the 
carboxylic acid group in the BA-BZ-COOH. The values of 
UV shielding of the PBA-BZ-COOH/MNC (3%) compos-
ite were about 97 and 85% at wavelength 275 and 375 nm, 
respectively. The electrochemical results revealed that the Rct 
value was increased and the  Cdl value was decreased of the 
MS coated with PBA-BZ-COOH when the content of MNC 
increased in composite coatings. Finally, the high anti-corro-
sive performance of PBA-BZ-COOH/MNC nanocomposite 
coatings can be attributed to the modified nanoclay which 
leads to improving the barrier properties by reducing the 
permeability of the coatings for oxygen and water species.
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