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ABSTRACT

Polybenzoxazine is an outstanding and highly promising resin for many advanced applications. This paper re-
ports on a series of sustainable high-performance coatings made of benzoxazine monomer synthesized via the
Mannich reaction of curcumin, 3-aminopropyltriethoxysilane and paraformaldehyde. This curcumin-based pol-
ybenzoxazine resin was experimentally demonstrated for the first time to be an effective barrier layer, which
could evidently reduce the corrosion rate of the substrate metal, and significantly resist the fouling attachment.
In addition, it was found that an increased content of PEG in the resin could further improve the antifouling
performance of the coating. Molecular dynamics (MD) simulations suggested that a carefully selected density of
PEG molecules in the polybenzoxazine framework could critically affect the hydration layer and the interaction
energy. The benzoxazine monomer and polymer were characterized by Fourier transform infrared (FT-IR), X-ray
photoelectron spectroscopy (XPS), proton nuclear magnetic resonance (*H NMR and 3C NMR) spectroscopy,
different scanning calorimetry (DSC), and thermogravimetric technique. The anticorrosion and antifouling of the
developed polybenzoxazine resins were evaluated by potentiodynamic polarization, electrochemical impedance
spectroscopy (EIS) and attachment of protein, bacteria and microalgae. The results showed that the poly-
benzoxazine coatings (PCB or PCBG-X) performed excellently in anticorrosion even after long-term exposure in
corrosive environments, and some of the polybenzoxazine coatings, like PCBG-10 and PCBG-15, possessed a
superior antifouling capacity. To simultaneously enhance the anticorrosion and antifouling, a double layer
coating system was designed using the PCB resin as the sub-layer and the PCBG-10 or PCBG-15 film as the up-
layer. The great long-term corrosion resistance of the coatings was confirmed by electrochemical measurements
in salt immersion and salt-spray. It is expected that this new design of the promising polybenzoxazine resin
coating system will find wide applications in marine industry and relevant fields.

1. Introduction

anti-icing, anti-fogging or other purposes to enhance safety and reduce
potential economic lose. Thermosetting resins are the important players

Metal is widespread material applied in every aspect such as archi- in polymer science and the advanced material components used in
tecture, medicine, transportation. The metal surface is often protected protective barriers due to their high modulus, durability, stable thermal
by a painting. In some environments, coatings with some special func- and chemical resistances in the civil infrastructures and transportation
tions may also be applied for anti-corrosion, anti-biofilm attachment, industries [1]. As a new and promising class of high-performance
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thermosetting resin, polybenzoxazine resin is polymerized by the ben-
zoxazine monomers via thermally activated ring-opening reaction
without any catalysts and byproducts [2]. The benzoxazine monomer is
synthesized by the Mannich condensation from phenol or phenol de-
rivative, formaldehyde, and primary amine, thus the materials can
provide high molecular design flexibility and unique stereochemistry to
exhibit excellent capacities, such as nearly zero shrinkage upon curing,
good mechanical properties, superior chemical and electrical re-
sistances, and low water absorption, and to meet the various re-
quirements and versatilities in the electronics, composites, aerospace,
coatings, and many other fields [3,4]. Nevertheless, benzoxazine is
facing the lack of raw materials from the petrochemistry resources, and
the pressure of increasing cost, toxic waste, and environmental pollution
[5]. For long-term sustainable and low-cost production using natural or
recyclable resources, renewable raw materials, such as the alternative
phenolic and/or amine derivatives, have become particularly favorable
in polymerization of the partially or fully bio-based benzoxazines [6-8].
For example, eugenol is a natural phenol extracted from clove, which
can be made into eugenol-based benzoxazines to improve the
cross-linking density and thermal stability [9-11]. Chavicol can be
extracted from bay oil, betel oil or sweet basil. A bio-based chavicol
benzoxazine has been developed with crosslink ability that can be
thermally activated [12,13]. Vanillin, which can be manufactured from
lignin or other renewable materials, can react with benzoxazine to
modify the thermal behavior [14,15]. Additionally, there are many
other natural resources for phenol, such as urushiol [16], cardanol [17,
18], resveratrol [6], guaiacol [19], cinnamic/cinnamates [20],
coumarin [21,22], etc. The sustainable and ecofriendly benzoxazines,
opted from the abundant and natural resources as reactant alternatives
for synthetic monomers, have been developed into promising raw
materials.

Curcumin, also known as 1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-
heptadiene-3,5-dione, is a yellow polyphenolic compound that can be
extracted from rhizomes of turmeric. Curcumin possesses a pharmaco-
logical activity potentially and excellent therapeutic efficacy due to its
bio-chemical functions, such as antioxidant, antibacterial, antiviral,
anti-inflammatory, antiproliferative [23-26]. Besides, curcumin allows
for high-performance of polymer synthesis because of the functional
phenolic compound. To best of our knowledge, current investigations so
far have never taken curcumin as a phenolic resource to synthesize
benzoxazine. It is expected that the introduction of curcumin as a ben-
zoxazine chemical feedstock can enhance the sustainability, antibacte-
rial and/or antiviral activities, physical and chemical resistance, and
anticorrosion property of the resins [3,4,24].

To inherit other functionalities of benzoxazine and expand its ap-
plications, incorporation of the chemical moieties or polymer chains of
benzoxazine units is a favorable approach. For example, different nat-
ural and/or non-natural amino acids and renewable phenols have been
utilized to fabricate polybenzoxazine poly-(E-lyme), which can act as a
precursor in porous materials for CO5 adsorption [2]. Patil et al. re-
ported an amine functional benzoxazine resin, which was synthesized
from cardanol, N, N’-bis(2-aminoethy-l)ethane-1,2-diamine and para-
formaldehyde. The benzoxazine resin was utilized to modify the struc-
ture of 3-glycidoxypropyltrimethoxysilane (GPTMS) to improve the
crosslinked framework for better barrier protection to corrosive species
[27]. Poly(ethylene glycol) (PEG) can act as a functional polymer and/or
modification agent to enhance the surface resistance to antimicrobial
attachment and settlement [28-30]. By creating a hydration layer be-
tween water molecules and PEG chains, or by the “steric repulsion” of
the chains, PEG or PEG-based copolymers possess well-established
anti-biofouling activities against proteins, bacteria, cells, and other or-
ganisms [31]. The PDA-PEG coatings were fabricated with the poly-
dopamine (PDA) and polyethylene glycol (PEG) as a bio-adhesive and
antifouling agent to greatly reduce biofouling attachment on various
substrates [32]. Random poly(HEMA-co-PEG;oMA) copolymer brushes
grafted on a surface were prepared to study the relationship between
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hydration capacity and polymeric grafting density [33]. It was proposed
that a too low and high polymeric density could reduce the antifouling
capacity due to a low hydration layer formed. In an optimum thickness
range, the polymers could exhibit effective antifouling property with
strong hydration capacity and without entanglement or crowding effect
of thick polymeric chains.

To produce an ecologically ecofriendly “green” coating, nontoxic
natural precursors are basically used instead of other booster biocides.
Thus, in the present work, a bio-based high-performance benzoxazine
was synthesized sustainably using curcumin, 3-aminopropyltriethoxysi-
lane and paraformaldehyde as raw materials. Different loadings of hy-
drophilic PEG molecules in the monomer were incorporated in the
synthesized benzoxazine to acquire the resin inherent properties and
enhance its anti-biofouling performance via modification of resin
framework. These designed coatings prepared from these chemical
materials are based on the following considerations: i) Curcumin, as a
natural and renewable phenol, contains inherent functionalities; ii)
Curcumin molecule containing two phenolic hydroxyl groups can
improve the cross-link density if the bioactive bisbenzoxazine resin. iii)
3-aminopropyltriethoxysilane (APTES) is used as the common and low-
cost amine source, and the Si-O-Si framework can improve the resin
crosslinking after polymerization. vi) The as-prepared coatings have low
water absorption, as well as antifouling and anticorrosion capacities. v)
Without booster biocides, the resins perform excellent repellent prop-
erty due to the beneficial effect of a certain content of PEG. The purpose
of this work, therefore, was to characterize the synthesis and structure of
the curcumin-based benzoxazine monomer and its co-reaction with PEG
by means of Fourier transform infrared spectroscopy (FT-IR), X-ray
photoelectron spectroscopy (XPS) and nuclear magnetic resonance
spectroscopy (\H NMR and '3C NMR). The thermal stability of the
coatings was studied by thermogravimetric analysis (TG) and different
scanning calorimetry (DSC). Upon fabrication of functional poly-
benzoxazine resin (PCB or PCBG-X), the antifouling properties in
resisting protein, bacteria and microalgae adsorption were systemati-
cally evaluated. To understand the resisting effect, an anti-adhesive
mechanism was elucidated by molecular dynamics (MD) simulations,
as it was hard to be detected by experiment. The results showed that a
certain content of PEG critically determined the fouling repellency due
to a strong hydrated layer and interaction energy of the coating surface.
Besides, the anticorrosive behavior of the coatings (PCB or PCBG-X) was
monitored by electrochemical impedance spectroscopy and evaluated
by potentiodynamic polarization, and their corrosion morphologies
were observed at different periods. More importantly, a coating system
model was proposed with the PCB as the anti-corrosion sub-layer and
the PCBG-10 or PCBG-15 as the antifouling up-layer to synergistically
perform the excellent multi-functionalities.

2. Results and discussion
2.1. Synthesis and structural characterization of CB, PCB and PCBG

Benzoxazine monomer, CB, was synthesized via Mannich conden-
sation from renewable curcumin, 3-aminopropyltriethoxysilane and
paraformaldehyde to form the oxazine ring, as shown in Scheme 1. On
the basis of the relevant literatures [34-40], the probable polymeriza-
tion mechanism of CB process was thermally mediated at the
ring-opening polymerization (ROP) temperature as detailed in Scheme
2. Via the cleavage of O-CHy-N in the oxazine ring, the cationic moieties
of zwitterionic intermediates were formed. The adjacent benzoxazine
monomers attacked the cationic imine moieties though electrophilic
substitution. Consequently, the structure was rearranged to form a new
type of Mannich bridge. Furthermore, the triethoxysilane groups of the
benzoxazine monomers were catalyzed by hydrochloric acid to form
Si-OH groups. The Si-OH groups would convert into the Si-O-Si link-
ages to cooperate with the Mannich bridge portion to reinforce the
polybenzoxazine cross-linking framework.
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Scheme 1. Synthesis reaction of the curcumin-based benzoxazine monomer (CB).
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Scheme 2. Thermal induced ring-opening polymerization of functional curcumin-based benzoxazine.

The chemical structure of the monomer GB was examined by !
NMR, 3C NMR, FTIR, and XPS spectroscopy. The "H NMR and '3C NMR
results are presented in Fig. S1. The characteristic proton resonances at
3.90 and 4.96 ppm were assigned to the Ar-CHy-N (g) and O-CH>-N (f)
of benzoxazine groups, respectively. The signals at 1.14 and 3.73 ppm
were attributed to -CHs (1) and -OCH; (k) of triethoxysilane groups,
respectively. The peak at 3.82 ppm was assigned to the characteristic
group of -OCHjs (a). The 13¢ NMR spectra of benzoxazine monomer CB
showed the resonances at ~7.41 ppm (-SiCHoCH;), ~18.12 ppm
(-OCH2CH3), ~21.26 ppm (-CH;CH,CHj), ~53.89 ppm (-NCH.C),
~58.15 ppm (-OCH,CH3) and ~83.06 ppm (N-CH2-O). As shown in

Fig. 1 (a), the CB characteristic absorption band at 1382 em~! in FTIR
spectrum corresponded to a —CHy stretching vibration wagged in ben-
zoxazine rings. The stretching vibration of G-O—C at 1276 cm ™! and the
out-of-plane bending of C-H at 955 cm™! were detected from the ob-
tained benzoxazine precursor [41]. The typical adsorption peak at 1516
cm~! was from the vibration of aromatic C=C [42]. Meanwhile, the
adsorption of benzoxazine ring (955 cm 1) and asymmetric stretching of
Si-0-C (1078 cm™ 1) disappeared, and the vibration peak simulta-
neously appeared at 1108 cm ™!, which was interpreted as the Si-O-Si
formation after curing [39,43]. Those results confirmed the successful
formation of monomer and polybenzoxazine. The XPS analysis of CB
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Fig. 1. (a) The FT-IR absorbance spectra of CB monomer and different polymers, (b) the XPS analysis of the benzoxazine monomer CB and the CB elements of Si (c), C
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monomer elements is presented in Fig. 1(b—e). The four elements of CB
monomer were identified as Si, C, O and N. Especially, the
high-resolution Si 2p spectrum peaks at 101.8 and 102.5 eV indicated
the formation of C-Si and Si-O groups (Fig. 1 (c)) [44]. As shown in
Fig. 1 (d), the high-resolution Cls spectrum could be fitted into five
peaks at 284.3, 284.9, 285.7, 286.4 and 287.6 eV, and it indicated the
existence of C=C, C-C, C-N, C-O-C and C=O bonds, respectively
[45-47]. The O 1s spectrum peaks at 531.7 and 533.5 eV presented C-O
bond, whereas the peak at 532.3 eV demonstrated the formation of C=0
bond [45,48]. Thus, these characteristic results illustrated that both of
the successfully fabricated monomer CB and polybenzoxazine contained
desirable groups.

The purity of the CB monomer was further indicated by the content
of free amine groups using ninhydrin assay (Fig. S2). The reaction of CB
with ninhydrin resulted in a green colored compound, while the reaction
of APTES with ninhydrin presented a purple colored compound. The
purple compound was identified by the maximum absorbance at
560-570 nm in the UV-vis spectrum, while it was absent in the CB
monomer, confirming the absence of APTES impurity [41,49]. Besides,
the element analysis of the monomer is shown in Table S1. The C, H and
N element contents were respectively 56.58, 7.68 and 3.62 wt%. The
experimental results were similar to the theoretical values, suggesting
that the CB had a high purity.

The thermogravimetric analysis (TGA), differential thermogravi-
metric analysis (DTA) and differential scanning calorimetry (DSC)
curves of the monomer CB are presented in Fig. 2(a-b). The Tso, (5%
mass loss temperature) and Tygy (10% mass loss temperature) of the
monomer were at 175.81 and 207.81 °C, respectively. The maximum
derivative peak at 418.81 °C was due to the Mannich bridge cleavage
[39]. As shown in Fig. 2 (b), an endothermic peak appeared at 165.23 °C
due to the ring-opening polymerization. At a higher temperature around
300.83 °C, the triethoxysilyl groups underwent a further condensation
process, resulting in formation of siloxane linkages [50]. After that, CB
monomer had a higher broad temperature range on the exotherm peak
which started at 314.50 °C and reached the maximum at 372.83 °C. The
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TGA and DTA curves in the nitrogen atmosphere shown in Fig. 2(c-d)
indicated the thermal stabilities of the different coatings. The corre-
sponding gravimetric analysis data of the monomer CB and the cured
coatings are summarized in Table S2. In the degradation stage <200 °C,
the thermal scission of PEG main chain of the coating occurred [51,52].
As indicated by Tse, and Tige, the initial thermal stability of PCB was
higher than the others with different contents of PEG. For example, the
Tso, (286.83 °C) and T10v, (330.83 °C) of PCB were higher than those of
the PCBG coatings. The TGA and DTA curves confirmed that all the
resins were thermally stable up to about 390 °C, and in the range from
399.32 to 411.83 °C, all the coatings showed the maximal thermal
degradation due to Mannich bridge cleavage. To further analyze the
thermal characteristics of the different coatings, the char yields of all the
curing resins PCB, PCBG-10, PCBG-15, PCBG-20 and PCBG-30 at 800 °C
were respectively 59.64. 48.84, 47.88, 47.66, 44.18%, revealing that all
the polybenzoxazines had good thermal stability at the range from 25 to
800 °C.

Furthermore, the mechanical properties of the composite coatings,
including the coating hardness, adhesive strength and abrasion con-
sumption, were measured, and the results are shown in Fig. S3 and
Table S3. The adhesion strength decreased at a higher content of PEG in
the polybenzoxazine framework (see in Table S3). This could be inter-
preted by the fact that increased content of PEG chains combine with the
Si-O bonds and reduce the Si-O-Fe bonds. The latter should be
responsible for the adhesion of the coating with the substrate steel. The
dependence of the coating mass loss on the abrasion cycle is presented in
Fig. S3 (a), and the microscopic images of the different coatings before
and after abrasion are shown in Fig. S3 (b). The glossiness of all the
coatings had a similar descend tendency in the first 25 abrasion cycles,
and after that there was no obvious difference in glossiness. These
indicated that the abrasion and hardness of the coatings were inversely
related. Meanwhile, the coating mass decreased slightly with the
increasing abrasion cycles even after 50 cycles, indicating that all the
coatings had good mechanical abrasion resistance. This high abrasion
resistance could be attributed to the outstanding crosslinking framework
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Fig. 2. (a) TGA thermograms and DTA traces of CB monomer, (b) DSC curve of CB monomer, (c) TGA thermograms and (d) DTA traces of different coatings.
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in the coatings.

2.2. Antifouling property of PCB and composite PCBG resins

It is an important strategy to create an intrinsic antifouling surface
with a foulant-repelling ability to reduce protein or bacterial attachment
at the initial stage. Protein adsorption is the first step in the primary
biofilm formation and it promotes other organism attachment as it can
alter the surface physicochemical properties. Afterwards, bacterial set-
tlement on the surface is facilitated leading to the sequent colonization.
Hence, the anti-adsorption of protein on a coating critically determines
the antifouling performance of the coating. In this study, to measure the
protein anti-adsorption on the different coatings, bovine serum albumin
labelled by the fluorescein isothiocyanate (BSA-FTIC) was used as the
fouling specie to detect the antifouling ability of the different coatings.
The fluorescence microscopic images of the BSA-FTIC on the pristine
glass and coating surfaces are shown in Fig. S4. The quantity of the
adhered BSA-FTIC on the coating surfaces obviously decreased, showing
that the fluorescence intensity values of the different coatings signifi-
cantly reduced relative to that of bare glass (1.04 + 0.02) (Fig. 3 (a)).
Thus, all the coatings exhibited anti-adsorption efficiencies in the range
from 51.17 + 1.28% to 90.82 + 0.71%. Two of the coatings PCBG-10
and PCBG-15 possessed higher efficiencies at 90.82 + 0.71% and
86.13 + 1.77%, respectively, than the bare glass (Fig. 3 (b)). To assess
the antibacterial activities of the coatings against E. coli and S. aureus,
the adhered bacteria in the LB medium were incubated. The fluores-
cence microscopic images of E. coli and S. aureus bacteria with higher
intensities (5.93 + 0.03 and 15.42 + 0.01, respectively) as shown in
Fig. 4 (b) indicated that large amounts of the two bacteria were attached
on the pristine glass (Fig. 4 (a) and Fig. S5). By direct visual comparison
with the pristine glass images, the polybenzoxazine coatings showed
effectively inhibited bacterial attachment. Those results suggested that
all the coatings were highly efficient against the bacterial adhesion (see
Fig. 4 (c)). Meanwhile, the attached bacteria E. coli and S. aureus on the
pristine glass and coating surfaces were observed via SEM as shown in
Fig. 4 (d). There were plenty of aggregated bacteria E. coli or S. aureus
attached on the pristine glass, while a small amount of bacteria adhered
on the coating surfaces, which exhibited the higher anti-attachment
efficiencies of the coatings for bacteria E. coli and S. aureus, especially
the PCBG-10 (95.09% =+ 0.14 and 91.25% =+ 0.06, respectively) and
PCBG-15 (93.06 + 0.04 and 93.65 + 0.20, respectively).

Microalgae are the unwanted colonization on an artificial surface in
some marine environments because they can easily settle on a wide
range of surfaces after the adsorbed proteins and bacteria have formed a
marine conditioning biofilm. The biofouling colonization on an
immersed substrate can also cause significant corrosion and potentially
hazard a structure in service. Thus, microalga can be used as a model
fouling specie to evaluate the coating antifouling behavior. The settle-
ment image, average fluorescence intensity and efficiency of microalgae
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N. closterium and Dicrateria zhanjiangensis on the coatings are presented
in Fig. 5 (a), Fig. S6 and Fig. 5 (b and c). For the pristine glass, the
uniformly brilliant fluorescence intensity indicated that a large amount
of microalgae had been equably absorbed on the surface. Fortunately,
the coverages of the microalgae on the PCB coating decreased and
showed anti-fouling efficiencies at 40.81% and 38.73% compared with
the pristine glass (see Fig. 5 (c)), respectively. The PCBG coatings
showed the decreased fluorescence intensities and high fluorescence
efficiencies relative to the pristine glass, especially the coatings PCBG-10
(70.59% =+ 0.02 and 76.09% =+ 0.01, respectively) and PCBG-15
(75.59% =+ 0.03 and 80.27% =+ 0.01, respectively). In contrast to the
small amounts of the microalgae on the coatings PCBG-10 and PCBG-15,
the fluorescence intensities of the coatings PCBG-20 and PCBG-30
noticeably increased. These microalgae attachment results were
similar to the adsorption behaviors of the BSA-FTIC, E. coli and S. aureus
bacteria on the coatings.

The superb antifouling performance of the coatings confirms the
effect of the curcumin ingredient and the additional PEG segment in the
polybenzoxazine. As illustrated in Fig. 6(a-b), the curcumin is deemed
to play the inherent antifouling role in the framework of the poly-
benzoxazine coatings. In addition, except the open rings in the ben-
zoxazine to form polymeric crosslinking, the Si-O-Si groups are the
important framework in the structure, and they can impact the coating
antifouling properties (Fig. 6(a-b)). Surface free energy is a vital factor
influencing the biofouling and bio-adhesive activity of a coating. Some
reports have illustrated that the minima bacterial adhesion occurs on
films with surface free energy around 20-30 mJ/m? [53-55]. The sur-
face free energies of different coatings were determined by contact an-
gles of deioinized water, ethylene glycol and diiodomethane, and the
van Oss and Good’s three-liquid method was used to calculate the en-
ergies. As shown in Table 54, the surface free energies of the coatings fell
in the range of 25.62-34.06 mJ/m> The PCB coating exhibited rela-
tively low surface free energy which might be one of reasons that the
PCB had the anti-adhesion capacity. The variation of surface energy with
the increasing content PEG in the coating was relatively small. It was
interesting that the PCBG-10 and PCBG-15 with surface free energies
around the middle values (30.09 and 30.76 mJ/m?) demonstrated their
best anti-biofouling activities. In this case, the surface free energy was
not the only parameter determining the anti-adhesion of the coating
against organisms, and other factors could also effectively influence the
fouling repellency [33].

PEG is an effective fouling-resistant functional polymer chain in a
system. The hydrophilic PEG in a coating structure can interact with
water molecules, stretch in the aqueous environment, and possess the
strong hydration layer [56]. Thus, the electrostatic and hydrophilic in-
teractions between the surface and bacteria can be blocked by the hy-
dration layer, which will efficiently repel protein or bacterial
attachment [57]. Furthermore, the chain length and density of PEG
molecule in the polymer conformation are two of the key factors
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Fig. 3. (a) Fluorescence intensity and (b) anti-adsorption efficiency of different surfaces after protein adsorption test.
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microalgae medium, (b) fluorescence intensities, and (c) efficiency of microalgae N. closterium and Dicrateria zhanjiangensis settled on different surface.

affecting the antifouling performance [31]. Some reports have revealed
that the low molecular weight of PEG coatings show optimal antifouling
ability to minimize the attachment of foulants, because of the steric
repulsion effect [31,58-60]. Therefore, the low molecular weight PEG
chain with M, = 800 was chosen in this work. Besides, some reports
suggested that the density rather than the chain length was more

important for antifouling efficiency [61,62]. For example, via grafting
different chain densities to form different polymeric thickness, the effect
of the random poly(HEMA-co-PEG;(oMA) chain density and thickness on
anti-attachment behavior was studied profoundly [33]. It was concluded
that a higher PEG chain density could cause a negative entanglement or
crowding effect, leading to a weak hydration layer which could seriously
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affect the antifouling performance.

However, the hydration layer can not be directly revealed via coating
experiments at the molecular level theories. In this study, the hydration
layer and the coating interaction energy effect were elucidated by the
molecular dynamics (MD) simulation to understand the varied anti-
attachment of fouling on the coatings with different PEG densities.
Since the composition and structure of the three-dimension configura-
tion of the PEG and PCB are extremely complicated, a simplified model
of those materials was taken to construct the simulation system, as
shown in Fig. S7. Lipophilic benzene molecule (used as a typical fouling
compound) [63] was introduced into the coating surface (PCBG-10 or
PCBG-30) without or with water media from the MD simulations system,
and their average interaction energy was calculated (see Fig. 7(a—c)).
When benzene molecules entered the PCBG-10 coating in the absence of
water, the calculated surface interaction energy reached —11.5166
kcal/mol, indicating that all the benzene molecules could be easily
attached on the coating surface because of their strong interaction (see
Fig. 7 (a), and Movie 1, ESI). In contrast, when the average calculated
interaction energy between benzene molecules and PCBG-10 coating
reached higher energy at —8.3128 kcal/mol, the benzene could not be
firmed adsorbed on the coating, In this case, if water molecules were
mixed into the simulation system (see Fig. 7 (b)), they would form a
hydration layer due to the stable interaction between the water and
coating polymers. Much less lipophilic benzene molecules were unstably
adsorbed on the surface, because benzene molecules were difficult to
surpass the dissociation higher energy barrier of the water molecules to
reach coating surface. Even if there were few, they could be easily
repelled away from the surface (see Fig. 7 (b), and Movie 2, ESI). While
adding an increased PEG content into the coating, the average interac-
tion energy between the benzene and coating PCBG-30 reached
—10.9623 kcal/mol. The more lipophilic benzene molecules could lead
to stronger covalent and/or hydrogen bond with the hydration layer and

polymeric chains. Thus, they were more easily adsorbed on the PCBG-30
surface than on the PCBG-10 (see Fig. 7 (c), and Movie 3, ESI). Both the
simulation and experiments indicated that the fouling repellent perfor-
mance of the coatings obviously reduced with increasing PEG content in
the coating due to the low interaction energy and the formation of a
hydration layer.

Supplementary video related to this article can be found at http
s://doi.org/10.1016/j.compositesb.2021.109263.

2.3. Anticorrosion property of PCB and composite PCBG resins

Biofouling is defined as undesirable adhesion and accumulation of
micro- and macro-organisms on a surface after immersion in aqueous
environments. After micro-organisms aggregate, form a biofilms, and
grow into organic fouling firmly attached on a metal surface, the
corrosion, more specifically the microbially influenced or induced
corrosion (MIC), can be initiated and accelerated electrochemically by
the microorganisms [64,65]. Therefore, the coating is the important
layer to act as a barrier to hinder or minimize the chemical or electro-
chemical process between the metal and fouling. To meet the demands
for antifouling and anticorrosion performance and reduce the cost, many
multifunctional coatings have been developed, which has currently
become a hot topic in the coating industry.

To investigate the anticorrosive performance, potentiodynamic po-
larization curves of bare steel and different polybenzoxazine coatings
(23 + 3 pm) were analyzed as shown in Fig. 8. The corresponding
electrochemical parameters including corrosion potential (Ecor),
apparent corrosion current density (I.or) and protection efficiency (PE)
were shown in Table 1. The corrosion potentials and corrosion current
densities of different coatings were obtained by the Tafel extrapolation
method. The protection efficiency (PE) is calculated by Eq. (1).
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Fig. 7. (a) Benzene-PCBG-10 without H,0, (b) benzene-PCBG-10 with H,0 and (c) benzene-PCBG-30 with H,O after MD simulation (yellow, H atoms of H,O, white,
O atoms of H,O; white, H atoms of benzene, green, C atoms of benzene; gray, C atoms of PCBG-10 and PCBG-30; white, H atoms of PCBG-10 and PCBG-30; red, O
atoms of PCBG-10 and PCBG-30; blue, N atoms of PCBG-10 and PCBG-30; yellow, Si atoms of PCBG-10 and PCBG-30). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Potentiodynamic polarization curves for bare steel and different coat-

ings in 3.5 wt% NaCl solution.

Table 1
Electrochemical parameters extracted from the polarization curves.

Sample Ecorr (V vs Ag/AgCl) Lorr (pA/cm?) Protection Efficiency (%)
Bare Steel —0.049 4.721 -

PCB 0.201 3.864 x 10°° 99.9999

PCBG-10 0.279 2.815 x 107° 99.9994

PCBG-15 0.345 5.546 x 107° 99.9988

PCBG-20 0.270 5.464 x 10~* 99.9884

PCBG-30 0.125 3.456 x 1073 99.9268

I(.‘()H‘ are IC()I‘)' codatec
PE = -cormbare — “corrconted 10095 6))

Liorrpare

where Ieorr, bare and Ieorr, coated Tefer to the corrosion current density of the
bare steel and the coating, respectively.

As shown in Table 1, the I, of bare steel was 4.721 pA/cmz, and the
E.orr was —0.049 mV. The I, values of the electrodes coated with
coatings significantly increased in the range from 3.456 x 107> to 3.864
x 107 HA/ crnz, and the values of E., correspondingly, increased from
0.125 to 0.201 mV. It was clear that all coatings manifested high pro-
tection efficiencies compared to the bare steel. However, a higher con-
tent of PEG in the polybenzoxazine coating facilitated the corrosive
medium contacting with the metal surface, and the coating displayed a
larger I.,r and lower PE value. A reasonable explanation was given that
the hydrophilicity of PEG in the coating tended to maximize the ab-
sorption of water, and accelerated the diffusion of the water in the
coating. The water contact angles of the different coatings are shown in
Table S4. The contact angle of PCB coating was 107.88°, while the
values of PCBG coatings were regularly decreased in the range from
103.04 to 78.32°. These indicated that the water adsorption capacity of
the coating could be increased when a higher content of PEG was
blended in the coating.

The corrosion resistance of steel and different coatings (23 + 3 pm)
was evaluated in the 3.5 wt% NacCl solution. The impedance modulus at
lower frequency (|Z| = 0.01 Hz) is a vital parameter which measures the
barrier effect of a coating [66]. As shown in Fig. 9 (a) and Fig. S8 (a), the
impedance modulus of the coatings increased by approximately 3-7
orders than that of the bare steel after 0.5 h immersion. With immersion
time, the impedance modulus of all coatings decreased to some degrees.
The PCBG-20 and PCBG-30 decreased significantly due to the rapid
water adsorption. Obviously, the PCB, PCBG-10 and PCBG-15 continu-
ously displayed a conspicuous barrier effect in 2616 h, 672 h, and 504 h
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Fig. 9. (a) EIS Module results of different coatings at lower frequency (|Z| = 0.01 Hz), and equivalent circuits used for EIS analysis of different coatings in the (b, c)

initial, (d) middle and later stages.

of immersion, respectively. From 456 h to 2328 h, the impedance
module of the PCB coating steadily reduced in the range from 8.163 x
107 Q em? to 1.280 x 107 Q cm?. Then, the value of PCB coating rapidly
decreased after 2616 h immersion, indicating that the coating was
seriously damaged after water penetration.

To monitor the coating protectiveness varying with immersion time,
the EIS spectra of the coatings were measured, and the Nyquist plots and
the Bode plots are presented in Fig. 10 and Fig. S8 (a-b). The decreased
modules of different coatings in Fig. S8 (a) obviously indicated the
declining anticorrosion capacity of coatings as a barrier with time. As
shown in Fig. S8 (b), the presence of two time-constants implied that
corrosion was occurring on the substrate because the corrosive medium
had arrived at the substrate [67]. The PCBG-20 and PCBG-30 coatings
had two time-constants after 48 h immersion, indicating that the cor-
rosive medium arrived at the metal substrate, while PCB, PCBG-10 and
PCBG-15 coatings always showed only one time-constant, which sug-
gested that the corrosive medium had not penetrated though the coating
and the coating was a very effective barrier. The impedance data are
fitted using the equivalent circuits (Fig. 9 b through d). The fitted
electrochemical parameters include the solution resistance (R;), coating
resistance (R.), coating pore resistance (R,), charge transfer resistance
(Rct), constant phase element of coating (Q.), constant phase element of
double layer (Qqp), and induce reactance (L). The EIS spectra in the
initial immersion period is simulated by the R(QR) circuit for PCB
coating and the R(Q(R(Q(RL)))) circuit for PCBG coatings. The EIS
spectra of coatings in the middle and later immersion periods are
simulated by the R(Q(R(QR))) circuit, as shown in Fig. 9(b-d). The
Nyquist plots of the steel and different coatings were continuously
measured over a long period of time (see in Fig. 10), and the detailed
fitting values of electrochemical parameters in the initial, middle and
later immersing periods are shown in Tables 2-4, respectively. All the
coatings had an increasing water adsorption behavior, indicating that
the corrosive ions had permeated and slowly diffused in the coatings, as
shown in Fig. S9. Compared with the other composite PCBG coatings,
the PCB showed good water adsorption resistance, implying that this
coating had great protection performance. The PCBG-20 and PCBG-30
coatings exhibited intensive water adsorption that caused rapid pene-
tration of corrosive medium through the coatings after 144 h and 168 h
respectively to attack the substrate metal. The capacitive loops of the

PCBG-10 and PCBG-15 coatings significantly decreased in 672 h and
504 h, respectively. The coatings were subjected to the infiltration of
corrosive medium, and the attack of the corrosive medium to coating
surface generated pores and cracks in the coating, eventually damaging
the coating. The PCB developed the highest overall capacitive arcs
among all the coatings studied herein even after 2616 h immersion (see
Fig. 10). The typical anticorrosion capacity of the PCB coating favored
the creation of an outstanding effective barrier to prevent the metal from
corrosion in a long-term. This was supported by the electrochemical
parameters listed in Tables 2-4. For example, the R, value in the initial
period and the Ry, value of the PCB coating in the middle and latter
periods decreased from 3.445 x 10 to 5.322 x 10° and then 1.264 x
10° Q cm? after 0.5, 1320 and 2616 h immersion. Besides, the Rpo value
of the PCBG-10 coating reduced from 1.291 x 10° to 9.609 x 10° and
9.613 x 10° Q cm? after 0.5, 312 and 672 h immersion. Meanwhile, the
Ry, value of the PCBG-15 coating decreased from 5.002 x 10° to 1.902
x 10° and 1.056 x 10° Q cm? after 0.5, 264, and 504 h immersion. The
above results showed that the R, value of the PCB coating was higher
than those of the PCBG-10 and PCBG-15 coatings, although the im-
mersion time of the PCB was longer than those of the other coatings in
the middle and later periods. Meanwhile, the Q. values of the PCBG-10
and PCBG-15 coatings increased from 2.154 x 10719 to 3.268 x 107°
O lem 2", and from 2.081 x 1071 t0 3.263 x 1072 Q 'em 2" after
672 h and 504 h immersion, respectively. While the Q. value of the PCB
coating had no obviously change even after 2616 h immersion. An in-
crease in Q. corresponds to a water adsorption behavior in an organic
coating. Thus, the PCB coating had better resistance of water adsorption
than that of the PCBG-10 and PCBG-15 coatings, and the PCB coating
could protect the metal substrate from contacting the corrosive medium
to avoid the corrosion reaction.

In order to obtain a deep insight into the corrosion resistant behav-
iors of the bare steel and different coatings, their optical microscopic and
SEM images before and after the salt immersion are presented in Fig. 11.
The bright surface of bare steel turned into a large amount of green rust
after 7 day immersion. Meanwhile, the PCBG-20 and PCBG-30 coatings
had lots of bubbles on their surfaces after 7 and 2 days of immersion, and
pores appeared on the coating surfaces (see Fig. 11 (C)). Besides, the
PCBG-10 and PCBG-15 coatings became ineffective after 28 and 21 days
of immersion due to the presence of pores. Meanwhile, the optical
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Fig. 10. EIS Nyquist spectra of different coatings after immersion in 3.5 wt% NaCl solution for different periods of time.
Table 2
Electrochemical parameters fitted from the equivalent circuits in the initial period.
Ry/Q-cm? Q. (@ lem %M n Ro/Q-cm? Rpo/Q-cm? Qa (Q 'em %M ny Ret Ly, /Q-cm?
/Q-cm?
PCB-0.5h 1 x 10° 2.444 x 10710 0.969 3.445 x 10'°
PCBG-10-0.5h 1x10° 2.154 x 1071° 0.983 1.291 x 10° 1.848 x 10710 0.3065 1.747 x 101° 1.067 x 10!
PCBG-15-0.5h 1x10° 2.081 x 10°1° 0.980 5.002 x 10° 4.328 x 10°1° 0.2722 4.628 x 10° 2.041 x 10'°
Table 3
Electrochemical parameters fitted from the equivalent circuit in the middle period.
Ry/Q-cm? Q. (@ tem %" n; Rpo/Q-cm2 Qa (@ em™2s™) ny Re
/Q-cm?
PCB-1320h 1x10% 4.068 x 1071° 0.9530 5.322 x 10° 1.436 x 107° 0.6952 4.662 x 107
PCBG-10-312h 1x10° 3.268 x 107° 0.8188 9.609 x 10° 1.459 x 107° 0.6687 2.190 x 107
PCBG-15-264h 1x10°% 7.270 x 10710 0.9138 1.902 x 10° 3.856 x 107° 0.6908 1.005 x 107
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Table 4

Electrochemical parameters fitted from the equivalent circuit in the later period.

Ry/Q-cm?® Q. (@ 'em %" n Rpo/Q-cm? Qq (@ lem 2™ ny Ret
/Q-cm2

PCB-2616h 1x10% 4.284 x 10710 0.9607 1.264 x 10° 3.042 x 107° 0.6336 1.807 x 107
PCBG-10-672h 1x10° 3.271 x 107° 0.8187 9.613 x 10° 1.474 x 107> 0.6748 1.311 x 107
PCBG-15-504h 1x10° 3.263 x 107° 0.8046 1.056 x 10° 1.239 x 107° 0.7891 1.000 x 107
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Fig. 11. The (A and B) Leica microscopic and (C) SEM images of different coatings before and after immersion in 3.5 wt% NaCl solution: (a) bare steel, (b) PCB
coating, (c) PCBG-10 coating, (d) PCBG-15 coating, (e¢) PCBG-20 coating, and (f) PCBG-30 coating.
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microscopic images of the PCB coating were recorded at different im-
mersion periods as shown in Fig. S10. It was observed that the PCB
coating maintained a bright surface and excellent integrity even after
longer immersion for 92 days. However, the coating was found to have
micro-pores which could reduce the protectiveness after a longer
exposure for 109 days in the corrosive medium. Thus, rust was found at
the PCB coating/substrate interface, as shown in Fig. 11 (B). Therefore,
the electrochemical results revealed that the PCB possessed the superior
corrosion-resistance to prevent the metal substrate in the 3.5 wt% NaCl
solution, indicating that the good shielding effect of the coating came
from the inherent properties of the polybenzoxazine resin, including low
water absorption and a high cross-linking density reinforced by the
cooperative interaction between Si-O-Si linkages and Mannich bridge
portion, as shown in Fig. 6 (a).

In the above antifouling and anticorrosion tests, the coatings were
measured to have a stable anti-corrosion behavior and anti-microalgae
fouling property in the 3.5 wt% NaCl solution and the artificial sea
water. They are expected to be stable in other corrosive environments as
well.

2.4. A design of coating system for anticorrosion and antifouling activities

The above coatings could not have good anti-fouling and anti-
corrosion properties in the same time. Specifically, the coatings PCBG-
10 and PCBG-15 exhibited a great antifouling capability, but their
corrosion resistance was low. To possess high corrosion resistance and
anti-fouling performance simultaneously, a double-layer coating system
was designed with the PCB as the sub-layer and the PCBG-10 or PCBG-15
as the up-layer. In this model as shown in Fig. 12 (a), the PCB was
directly coated on the substrate as the priming paint that had a dry
thickness of 20 + 3 pm. It acted as the layer to prevent the substrate from
the corrosive medium attack. The as-prepared surface of the sub-layer
was slightly polished for a firm contact with the up-layer PCBG-10 or
PCBG-15 with a dry thickness of 10 + 3 pm. These up-layers could

Composites Part B 225 (2021) 109263

achieve a highly efficient antifouling. The designed coating system is
named as P10 or P15. The microscopic images of the PCB were shown in
Fig. 12 (b and c) before and after polishing. The minimum roughness R,
value of the PCB before polishing was 0.38 nm in an area of 5 pm x 5 pm
measured by AFM microscopy, and the value gradually increased to
11.10 nm after polishing. When 30 + 5 pm of the PCBG-10 and PCBG-15
coated on the polished surface, their roughness values were measured to
be 0.40 nm and 0.42 nm, respectively, as shown in Fig. 12 (f and g),
indicating that the surfaces were very smooth.

A series of measurements were conducted to investigate the corro-
sion performance of the coatings by means of EIS on the designed model
coatings P10 and P15 under the salt immersion at 23 °C and the salt-
spray at 35 °C. The EIS Nyquist results, Bode plots of the P10 and P15
are showed in Fig. 13, Fig. S11 (a-d) and Fig. S12 (a-d). The capacitive
arcs of the P10 and P15 gradually decreased after the long-time exposure
in the corrosive media (see Fig. 13). As shown in Fig. S11, the
impendence modulus at low frequency 1072 Hz (|Z]0.01 1z) well reflected
the corrosion-resistance of the coatings in the different corrosion media.
The |Z|o.01 1z values of the P10 and P15 coating in immersion were 6.53
x 10 Q em? and 4.57 x 10'° Q cm?, while they sharply decreased by
about 3 orders of magnitude to 6.01 x 107 Q cm? and 2.32 x 107 Q cm?
after 180 days of immersion in the 3.5 wt% NaCl solution (see Fig. S11 (a
and b)). Besides, in the salt spray, the |Z|o.01 nz values of the P10 and P15
were higher around 3.22 x 10% Q cm? and 4.06 x 10° Q cm?, respec-
tively, but they sharply dropped by about 1-2 orders of magnitude down
t0 3.69 x 10”7 Q cm? and 6.87 x 107 Q cm? after 150 day exposure in the
salt-spray (see Fig. S11 (c and d)). The corrosive medium should have
penetrated through the micro-pores and/or defects in the coating,
reducing the barrier effect of the coatings. The above results suggested
that the designed model coatings P10 or P15 had great anti-corrosion
performance due to their long-term barrier effect in the different cor-
rosive media. Obviously, in the Bode-phase plots (see Fig. S12 (a-d)), the
P10 and P15 always exhibited one time constant in the 180 days of
immersion or the 150 days of salt spray, as shown in Fig. S12 (a-d).
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Fig. 13. EIS Nyquist spectra of coatings P10 and P15 after (a, b) immersion in 3.5 wt% NaCl solution and (c, d) exposure in 5.0 wt% NaCl salt-spray.
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These indicated that the corrosive medium had not penetrated through
the coatings and reached the metal substrate after the long-term expo-
sure, and the coatings acted as an effective barrier layer, having great
anticorrosion performance.

Different from many reported coatings that have some specific
functional properties because of the addition of modified inorganic
fillers [66,68-73], the curcumin-based polybenzoxazine coating in this
study possesses the corrosion resistance and antifouling performance
due to the specifically designed structure of the coating framework. This
unique structure ensures the following advantages of the coating over
others: Firstly, the polybenzoxazine coating performs the excellently low
water adsorption to retard the water penetration. Secondly, the Si-O-Si
groups in the coating not only increase the framework crosslinking to
enhance the anticorrosion, but also decrease the coating surface free
energy to reduce the attachment of fouling species. Thirdly, the curcu-
min implanted in the polybenzoxazine skeleton can promote the anti-
fouling performance of the coating due to its inherent antibacterial
characteristic. Finally, the existence of the PEG chains in the coating can
adjust the physical and mechanical properties, and strikingly improve
the antifouling capacity. To develop excellent comprehensive perfor-
mance, the PCB coating was used as the sub-layer to prevent the sub-
strate from corrosion, and the PCBG-10 coating (10 wt% content of PEG
in the coating) was used as the up-layer to retard the attachment of
fouling species.

3. Conclusions

In this paper, to meet the sustainable, low-cost and highly effective
requirements, a series of new multi-functional double-layer coatings
were developed, which could prevent not only the settlement, adhesion,
and growth of microorganisms, but also corrosion attack. These high-
performance polybenzoxazine coatings were synthesized using curcu-
min, 3-aminopropyltriethoxysilane and paraformaldehyde, and the
curcumin-based polybenzoxazine could be used as a sub-layer protect-
ing barrier that effectively prevented the substrate metal from corrosion
attack in corrosive environments. The coating showed impressive long-
term corrosion resistance even after exposure in different corrosive en-
vironments for months. Via cooperative interaction between curcumin
and PEG chain in the polybenzoxazine resin framework, this coating
could also be used as an up-layer, because it had a strong hydration layer
and high interaction energy at molecule level and thus an outstanding
anti-fouling ability against the adsorption of protein or the attachment
of bacteria and microalgae. It is expected that this double layer coating
system can enable various applications in the marine industry, as well as
relevant fields.
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