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A B S T R A C T   

The antifouling mechanism of low surface energy marine antifouling coatings is fouling release, and the key to 
fouling release is the adhesion strength of fouling organisms on the coating surface. Herein, we report an 
antifouling strategy to improve the fouling release performance of antifouling coatings by control the surface free 
energy and elastic modulus. Natural biomass cardanol-based benzoxazine monomers with different structures 
were designed by molecular structure and successfully synthesized via Mannich condensation. Detailed infor
mation of the chemical structure for the benzoxazines are analyzed by nuclear magnetic resonance (NMR) and 
Fourier transform infrared (FT-IR) spectroscopies. In addition, the benzoxazines polymerization behavior is 
investigated by differential scanning calorimetry (DSC) analyses. The properties such as surface free energy and 
elastic modulus of polybenzoxazine were adjusted by the structure of the amine source. Notably, poly
benzoxazines with octadecylamine as amine source have higher contact angle and lower surface free energy, and 
their elastic modulus is significantly lower than that of the octylamine benzoxazine. The elastic modulus of the 
octylamine benzoxazine was 732.5 MPa, while that of octadecylamine benzoxazine was only 24.0 MPa. 
Therefore, the polybenzoxazine coating has less fouling adhesion and exhibits better fouling release performance, 
and thus has better antifouling properties. This non-releasing polybenzoxazines without antifouling agent is a 
green, eco-friendly antifouling coating with low surface energy and low elastic modulus designed by molecular 
structure.   

1. Introduction 

Marine biofouling is a global problem that causes huge economic 
losses and serious ecological problems for human maritime activities 
[1,2]. According to statistics, there are >4000 species of fouling or
ganisms in the ocean [3,4], all of which attach themselves to the surface 
of underwater man-made structures and grow into marine biofouling, 
leading to a range of problems including increased fuel consumption 
[5], increased greenhouse gas emissions [6,7], aggravated equipment 
corrosion [8,9], and reduced aquaculture production [10]. Marine 
biofouling is therefore a pressing issue. Among many antifouling stra
tegies, the application of marine antifouling coatings is the simplest, 
most economical and effective antifouling strategy [11]. However, 
traditional antifouling coating usually contains a large amount of anti
fouling agent, which is released into the marine environment, killing the 

fouling organisms and at the same time seriously endangering the ma
rine ecosystem, and causing secondary pollution [11–13]. On the other 
hand, the release of microplastics from traditional antifouling coating is 
another serious environmental concern [2]. Paint particles have long 
been reported to be one of the major sources of neglected microplastics 
in the marine environment [14]. Fortunately, the release of micro
plastics from marine antifouling paints has recently attracted the 
attention of researchers and become a hot topic. Therefore, the devel
opment of marine antifouling coatings that do not contain antifoulant 
and do not release microplastic is an effective strategy to solve these 
environmental problems. 

Fouling release coating (FRC) with low surface energy is a marine 
antifouling coating that does not release antifouling agents [15]. It is 
typically based on a structurally stable, non-hydrolysable silicone or 
organofluoride polymer matrix and therefore does not release 
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antifouling agents or microplastics into the marine environment, mak
ing it a green and eco-friendly antifouling technology [3,16]. FRCs 
typically have extremely smooth surface and quite low surface energy. 
As a result, FRCs reveal minimized adhesion strength for fouling or
ganisms, so that microorganisms can only adhere very weakly to the 
coated surface [5]. FRCs consequently capacitate the easy removal of 
surface-adhered organisms by water flow during the ship navigation to 
achieve fouling release. Therefore, the antifouling performance of FRCs 
depends on the adhesion of the fouling organisms to the coating surface, 
and the weaker the adhesion of the fouling organisms, the better the 
antifouling performance [17]. The adhesion strength of fouling organ
isms to the surface of FRCs is related to the surface free energy and 
modulus of the coating, and the magnitude of the adhesion is positively 
correlated to the surface free energy and modulus [18,19]. The lower the 
surface energy and modulus, the weaker the adhesion of fouling or
ganisms to the coating, and the easier it is to remove, giving better 
fouling release performance. However, the organosilicon polymers are 
bonded to the substrate via van der Waals interactions, resulting in poor 
substrate adhesion [20,21]. In addition, organoflouorine polymer have 
problems such as high rigidity, high modulus and difficult to process 
[22]. The inherent shortcomings of FRC polymers limit the application 
of FRC in marine antifouling [23]. 

Polybenzoxazine is a new type of thermosetting phenolic resin with 
unlimited potential [24]. Due to excellent properties, i.e., low flamma
bility [24,25], high glass transition temperature [26,27], high thermal 
stability [28,29], low dielectric constant [30,31], low surface energy 
[17,32] and excellent adhesion properties [15,33], polybenzoxazine has 
a wide range of applications in electronics, composites, coatings and 
adhesives [34–36]. Benzoxazine resins have good film-forming and 
mechanical properties, and their unique chemical structures contain a 
large number of intra- and intermolecular hydrogen bonds [37]. The 
presence of hydrogen bonds reduces the surface free energy of poly
benzoxazine, benzoxazine polymers thus become a new type of non‑si
licone and non‑fluorine low surface energy material with excellent 
performance, and its surface free energy is even lower than that of 
polytetrafluoroethylene (PTFE) [38]. On the other hand, the hydrogen 
bonding force is much larger than the van der Waals force, which can 
improve the substrate adhesion and give polybenzoxazine good bonding 
properties. Our previous work reported a urushiol-based benzoxazine 
copper polymer (UBCP) for marine antifouling coatings application, the 
UBCP coating has outstanding antifouling performance combined with 
low surface energy and strong substrate adhesion [17]. In addition, 
molecular designability modulates the modulus of polybenzoxazine by 
introducing different long flexible alkyl chains to design low surface 
energy and low modulus benzoxazine polymer coatings. Therefore, 
polybenzoxazine is expected to be used as a novel low surface energy 
FRC matrix to modulate the surface free energy and modulus to obtain 
outstanding fouling release performance meanwhile solving the 
inherent poor substrate adhesion of FRC. 

Cardanol (CA), as a major component by vacuum distillation of 
cashew nut shell liquid, is a natural bio-based phenol with a unique 
unsaturated 15‑carbon long side chain alkane that has attracted atten
tion for a wide range of applications in resins, coatings, surfactants and 
organic synthesis in recent decades, CA has also been used as a green and 
renewable biomass phenol for the development of eco-friendly bio- 
based benzoxazine [39–43]. Notably, nanomaterials were introduced 
into cardanol/stearylamine based benzoxazine to prepare nano
composite systems with superhydrophobic, corrosion-resistant and low 
dielectric features [44–46]. Nevertheless, in view of the molecular 
structure of cardanol/stearylamine based benzoxazine has many 
outstanding properties and shows great potential for applications. The 
component of CA are themselves mixtures of four different saturations in 
the side chain (Scheme 1), namely saturated (5–8 %), monoene (48–49 
%), diene (16–17 %) and triene (29–30 %) [47]. It can be used to 
modulate the modulus of benzoxazine polymers and in conjunction with 
an amine source with long flexible alkyl chains, which will effectively 

reduce the modulus of benzoxazine polymers. Moreover, the long un
saturated side chains provide active sites to enhance the cross-linking of 
the benzoxazine polymer, which in turn improve the polymer’s prop
erties. Cardanol-based benzoxazine resins with low surface energy and 
low modulus and excellent properties for combating marine biofouling 
thus will be developed. Based on the above, this work will design 
different structures of benzoxazine by molecular structure design, using 
CA as the main phenolic source with different carbon chains of primary 
amines. Subsequently, the benzoxazine polymer coatings were prepared 
by ring-opening polymerization under heating. The hydrophobicity, 
surface free energy, and elastic modulus of benzoxazine polymer coat
ings will be modulate by adjusting the structures of phenolic and amine 
sources. The fouling release performance was then systematically eval
uated using typical fouling organisms, i.e., the bacteria Escherichia coli 
(E. coli), Staphylococcus aureus (S. aureus) and the marine bacterium 
Vibrio alginolyticus (V. alginolyticus) as well as marine microalgae species 
Nitzschiaclosterium (N. closterium), Phaeodactylumtricornutum 
(P. tricornutum) and Dicrateriazhanjiangensis (D. zhan-jiangensis) to 
investigate the antifouling performance of benzoxazine polymer coat
ings. The major purpose of this work is to provide a theoretical and 
experimental basis for the development of a novel, green, eco-friendly 
and low surface energy FRC marine antifouling technology without 
antifoulant release and microplastic release. 

2. Materials and methods 

2.1. Materials 

Analytical grade paraformaldehyde, 1,4-dioxane, dichloromethane, 
xylene, ethanol and anhydrous sodium sulfate were purchased from 
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). n-Octylamine 
and Octadecylamine was purchased from Shanghai Macklin Biochem
ical Co., Ltd. (China). Unless otherwise specified, all chemicals were 
analytical grade reagents and were used as received without further 
purification. Cardanol (CA) was purchased from Fujian Jianyang Xinhua 
Chemical Co., Ltd. (Nanping, China). Deionized (DI) water was purified 
by a Lab pure water system (WP-RO-10B) from Sichuan Wortel Water 
Treatment Equipment Co., Ltd. (China) and was used throughout the 
work. Phosphate-buffered buffered saline (PBS, pH = 7.4) was 

Scheme 1. Cashew fruit and components of cardanol.  
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purchased by Shanghai Sangon Biotech Co., Ltd. (Shanghai, China). 
Artificial seawater (ASW) was prepared according to ASTM D1141-1998 
(2013). Escherichia coli (E. coli), Staphylococcus aureus (S. aureus) and 
Vibrio alginolyticus (V. alginolyticus) were purchased from BeNa Chuan
glian Biotechnology Co., Ltd. (Shangcheng, Henan province, China). 
Nitzschiaclosterium (N. closterium) Phaeodactylumtricornutum 
(P. tricornutum) and Dicrateriazhanjiangensis (D. zhan-jiangensis) were 
purchased from Seaweed Culture Collection Center, Institute of Ocean
ology, Chinese Academy of Sciences (Qingdao, China). 

2.2. Preparation of cardanol-based benzoxazine monomers (CB) 

Cardanol-based benzoxazine monomers (CB) was prepared using 
previously established procedure [17,48]. Briefly, paraformaldehyde 
(0.15 mol, 4.50 g) was loaded in a 250 mL three-necked round bottom 
flask equipped with a thermometer, a reflux condenser and a dropping 
funnel. Then, n-octylamine (0.05 mol, 6.46 g) and 1,4-dioxane (20 mL) 
were added to the flask, and the mixture was stirred at room tempera
ture for 40 min cardanol (0.05 mol, 15.00 g) was dissolved in 1,4- 
dioxane (20 mL), and added dropwise to the reaction system within 
20 min. Subsequently, the system was gradually heated to 90 ◦C, and 
kept for 5 h under vigorous stirring. Afterwards, the system was cooled 
down to room temperature, and the solvent was removed by vacuum 
distillation. The residual mixture was dissolved in dichloromethane 
(100 mL), and the solution was washed with deionized (DI) water for 
three times, followed by drying with anhydrous sodium sulfate over
night. Finally, the solvent was removed by rotary evaporation, and 
reddish-brown viscous product was obtained, which was dried under 
vacuum at room temperature for 24 h and was named as COB. 

In the same way, cardanol (0.05 mol, 15.00 g), paraformaldehyde 
(0.15 mol, 4.50 g) and octadecylamine (0.05 mol, 13.48 g) were also 
used to synthesize another cardanol-based benzoxazine monomers, 
which was named as CDB. 

2.3. Fabrication of cardanol-based benzoxazine polymer coatings 

The curing reaction for COB and CDB polymer coatings were pre
pared as the following procedure: a certain amount of benzoxazine 
monomer and xylene were loaded in a beaker and stirred until a ho
mogeneous solution (40 wt%) was obtained. The solution was cast onto 
glass slides (for surface wettability, bacteria-resistant assay and algal 
inhibition assay), polished tinplates (for flexibility, hardness and adhe
sion). Bare glass slides (BG, 2.5 cm × 2.5 cm) and polished tinplates (5.0 
cm × 2.5 cm and 12.0 cm × 2.5 cm) were cleaned by ultrasonication for 
10 min sequentially using acetone, ethanol and DI water, and then dried 
under flowing N2 to remove any contaminants. The solution first cured 
at ambient temperature for 1 h for allow the evaporation of solvent and 
then step-cured in a convection oven for 1 h at 100 ◦C, 1 h at 120 ◦C, 1 h 
at 140 ◦C, 1 h at 160 ◦C, and 1 h at 180 ◦C. Once they were completely 
cured, the samples were allowed to slowly cool to room temperature, 
and the dark brown films were obtained. For convenience, the coatings 
were designated as COHP and CDHP. The coatings have an average 
thickness of ca. 60 μm, determined by a Qnix® 4500 coating thickness 
gauge (Qnix, Germany), according to ASTM B499-2009 (2014). 

2.4. Characterizations 

The chemical structure of CB samples was confirmed by attenuated 
total reflectance Fourier transform infrared (ATR-FTIR) and 1H NMR 
spectra. ATR-FTIR spectra was recorded on a Nicolet 5700 FTIR spec
trometer (Thermo Fisher, USA) in the range of 400–4000 cm− 1. 1H NMR 
spectra was recorded on a Bruker 400 MHz NMR spectrometer (Bruker, 
Germany), using CDCl3 as the solvent. The thermal stability of benzox
azine monomers and polybenzoxazine coatings was performed on a 
METTLER TGA2 thermal analyzer (Mettler-Toledo, Switzerland) from 
30 to 600 ◦C at a heating rate of 10 ◦C⋅min− 1 under nitrogen 

atmosphere. The curing behavior of benzoxazine monomers was 
analyzed by differential scanning calorimetric (DSC) measurement 
conducted on a DSC2500 (TA, USA) from 30 to 280 ◦C at different 
heating rate under nitrogen atmosphere. The water contact angle (WCA) 
was determined by a drop shape analyzer DSA 25 instrument (Kruss, 
Germany) using a 2 μL DI water droplet at ambient temperature. The 
surface free energy (SFE) was determined according to the EOS model. 
The average WCA and SFE value of each sample was calculated by 
averaging five data points. The droplet adhesion force on the coatings 
surface was measured by a force tensiometer K100MK2 instrument 
(Kruss, Germany) using a 6 μL DI water droplet at an immersion depth of 
0.1 mm and immersion time of 0.01 min at ambient temperature, and 
each sample was measured for five times to obtain the average value. 
Dynamic mechanical analyses (DMA) were performed on the specimens 
with the size of 15 × 10 × 0.06 mm3 through TA Q800 apparatus (TA, 
USA) from 30 to 200 ◦C at a heating rate of 5 ◦C/min with film tension 
mode, the frequency was set as 1.0 Hz, and the oscillation amplitude was 
fixed at 5.0 μm. Tensile tests were performed with a constant rate of 5 
mm/min on a ETM104B universal testing machine (Wance Testing 
Machine Co., Ltd. Shenzhen, China) according to GB/T 1040.3–2006 
standard. The rectangular samples with the dimension of 75 × 20 ×
0.05 mm3 were used for tensile tests. 

2.5. Antibacterial assessments 

The antibacterial performance of the polybenzoxazone coatings was 
evaluated using two typical bacteria− Gram-negative E. coli BW25113 
and Gram-positive S. aureus ATCC 25923 and the marine bacterial 
species V. alginolyticus ATCC 33787 according to the previous proced
ure. The freezing stocks of E. coli and S. aureus bacterial strains were 
maintained at − 80 ◦C in 1:1 solution of Luria-Bertani (LB) broth: 40 % 
(v/v) glycerol. Prior to use in antibacterial tests, the bacterial strains 
were first cultured in fresh LB broth at 37 ◦C by shaking at 170 rpm for 
20 h, until the O.D.600nm of 1.8–2.0 was reached. The V. alginolyticus was 
stored frozen at − 80 ◦C in solution of 2216E medium and glycerol, 
similarly, preactivated in fresh 2216E medium at 30 ◦C. Then, BG and 
polybenzoxazone coatings (7.5 cm × 2.5 cm) were cleaned by wiping 
with anhydrous ethyl alcohol, sterilized with ultraviolet radiation for 30 
min, and placed in plastic petri dishes. The suspensions of bacteria were 
diluted to ca. 105–106 CFU/mL in fresh medium, determined using a 
hemocytometer (Shanghai Qiujing Biochemical Reagent Instrument Co. 
Ltd., China). Subsequently, BG and polybenzoxazone coatings were 
inoculated with 500 μL of diluted bacterial suspension and covered with 
plastic wraps. The bacterial strains were incubated at 37 ◦C (E. coli and 
S. aureus) and 30 ◦C (V. alginolyticus) for 24 h under static condition. 
Afterwards, the plastic wraps were removed and the plates were gently 
rinsed with 20 mL of sterile phosphate-buffered saline (PBS) to ensure 
that non-adhered bacteria were washed away. The washed bacteria were 
cultured on agar plates, and the number of colonies was counted. To 
quantify the number of surface-adhered bacteria, the washed BG and 
polybenzoxazone coatings were examined by FE-SEM (Phenomenon, 
Netherlands). 

2.6. Algal biofouling assessments 

To evaluate the effects of polybenzoxazone coatings on algae, algal 
growth and attachment experiments were conducted. Algal cells 
N. closterium, P. tricornutum and D. zhan-jiangensis cells were grown in f/ 
2 culture media, which were prepared in ASW at 22 ± 2 ◦C under a cycle 
of 12 h of fluorescent light and 12 h of dark. After 7 days of growth, the 
culture media containing algal cells were diluted with fresh culture 
media to give the test media with the concentrations of algal cells at 
105–106/mL, which were used for the following algal attachment 
experiments. 

Similar to the antibacterial assessments, the sterilized BG and poly
benzoxazone coatings were immersed in glass petri dish containing 30 
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mL of culture media inoculated with N. closterium, P. tricornutum and 
D. zhan-jiangensis cells. After immersed for 1 day, 3 days, 5 days and 7 
days, the concentrations of N. closterium, P. tricornutum and D. zhan- 
jiangensis cells were determined by counting the number of cells using a 
hemocytometer (Shanghai Qiujing Biochemical Reagent Instrument Co. 
Ltd., China), and the optical photographs of algal growth process were 
recorded. After settling down, BG and polybenzoxazone coatings were 
taken out from the test media, and rinsed with 20 mL of sterile PBS to 
wash away any non-adhered algae. Subsequently, the algae adhered 
onto the surfaces of BG and polybenzoxazone coatings were examined 
using a fluorescence microscope (Eclipse Ci-L plus, Nikon, Japan), and 
the images of five random fields (20× magnification, 0.156 mm2/per 
field) were recorded for each sample. The algal coverage over BG and 
polybenzoxazone coatings was determined by analyzing the fluores
cence microscope images using the ImageJ software. 

3. Results and discussion 

3.1. Synthesis and characterization of CB monomers 

A large number of benzoxazine monomers and their corresponding 
polymers (after thermal curing polymerization) have been reported that 
the flexible and simple molecular design of benzoxazine resins. In this 
study, based on flexible molecular design, a series of bio-based phenolic 
benzoxazines were designed and synthesized. Cardanol was used as 
phenol sources, octylamine and octadecylamine as amine sources, which 
were combined with paraformaldehyde for the Mannich condensation to 
prepare benzoxazine monomers and named as COB and CDB, as shown 
in Fig. 1a. Subsequently, the corresponding polybenzoxazines were ob
tained by thermal curing and ring-opening polymerization (ROP). The 
presence of the oxazine ring in the COB and CDB structures were 
confirmed by using ATR-FTIR spectroscopy, 1H NMR spectroscopy, and 
differential scanning calorimetry (DSC). Urushiol-based benzoxazine 
(UB) was used as a verification experiment, and the synthesis and 
structural characterization of UB are shown in Supporting Information. 

The ATR-FTIR spectra of CA, COB and CDB (Fig. 1b) featured ab
sorption bands centered at 3347.5, 3012.6, 2927.2 and 2853.4 cm− 1 

representing free phenolic –OH, =C–H and C–H stretching vibrations. 
In addition, the absorption peaks at 1586.0 cm− 1 and 1455.5 cm− 1 are 
assigned to C––C stretching vibrations. The spectra of COB and CDB 

contained absorption bands at 1240.2 cm− 1 for the symmetric stretching 
vibrations, respectively, of the Ar − O − C unit in the oxazine ring 
[44,46]. The asymmetric stretching modes of the C − N − C bond in the 
oxazine ring of the benzoxazine ring appeared at 1122.0 and 1121.0 
cm− 1 [49,50]. Moreover, the characteristic oxazine ring-related band 
occurred at 965.2 and 964.7 cm− 1 for COB and CDB respectively. Af
terwards, the 1H NMR spectra of C and the newly synthesized benzox
azine monomers (CB) were also compared in CDCl3 (Fig. 1c). Obviously, 
two single peaks were observed in the 1H NMR spectra of CB at 3.95 and 
4.84 ppm, and the integrated area ratio was approximately 1:1, which 
were ascribed to the protons of Ar–CH2–N and O–CH2–N in the oxazine 
ring of benzoxazine monomers, respectively. These results illustrate the 
successful synthesis of CB. 

3.2. Thermal behavior of CB monomers 

The newly synthesized CB monomers were thermally cured to obtain 
the corresponding polybenzoxazines, and the thermal ROP behavior of 
CB monomers was investigated by ATR-FTIR, TGA, and DSC. To monitor 
the structural transformations of polybenzoxazines after thermal ROP, 
ATR-FTIR spectral measurement was performed. The ATR-FTIR of pol
ybenzoxazines was shown in Fig. 1b. The characteristic oxazine ring 
absorption band, which occurred at 965.2 and 964.7 cm− 1 for COB and 
CDB, respectively, 1240.2 cm− 1 (C − O − C symmetric stretching) was 
not present in the ATR-FTIR spectra of COHP and CDHP. Notably, the 
characteristic absorption peak at 3300 cm− 1– 3400 cm− 1 with signifi
cantly enhanced intensities in the ATR-FTIR spectra of polybenzoxazines 
after thermosetting, which caused by the presence of freer phenolic –OH 
and formed a lot of hydrogen bonds. These results suggesting that the 
oxazine ring in the benzoxazine moiety had undergone ROP to form a 
cross-linked and more thermally stable polybenzoxazine. 

TGA profiles were recorded to investigate the thermal stability (in 
terms of the initially decomposes temperature (T5%, which defined as 
the temperature for 5 wt% decomposition) and char yield) of benzox
azine before and after thermal curing polymerization, and the results are 
shown in Fig. 2 and Table 1. It is found that the uncured benzoxazines 
monomer initially decomposes at 160.5 ◦C and 224.3 ◦C, and in the end 
of test, the residue of 6.5 wt% and 10.7 wt% is left for COB and CDB, 
respectively. After thermal curing, the thermal stability of newly ob
tained polybenzoxazines had increased dramatically relative to that of 

Fig. 1. (a) Syntheses of the CB monomers, (b) ATR-FTIR spectra of CA, COB, CDB, COHP and CDHP, (c) 1H NMR spectra of CA and CB monomers.  
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the uncured sample. The value of T5% increased to 268.3 ◦C and 
276.3 ◦C, and the residue increased to 30.7 wt% and 22.0 wt% for COHP 
and CDHP, respectively. Obviously, these results caused by the complete 
ROP of the benzoxazine monomers and cross-linking of long side chains 
resulted in the formation of a more stable structure that displayed 
improved thermal stability. 

The DSC thermogram of the uncured CB monomers in Fig. 2c and 
d revealed a visible thermal event: a maximum exothermic curing peak. 
The exothermic curing peak, at 218.51 ◦C and 229.63 ◦C for COB and 
CDB, respectively, can be attributed mainly to opening of the oxazine 
ring in benzoxazine monomers and the formation of corresponding 
polymeric product, COHP and CDHP, respectively, at this higher tem
perature. Notably, the maximum exothermic curing peak of UB (see 
Fig. S4) is much lower than that of CB, which caused by the latent cat
alytic effect from the presence of a phenolic hydroxyl group on UB 
structures [51]. Moreover, it is evident that the polymerization enthalpy 
of UB was much higher than CB. Such a high heat release during the 
polymerization process is possibly attributed from the multiple poly
merization mechanisms including the ROP of oxazine ring and cross- 
linking of long side chains, while it is clear that the side chains of uru
shiol have more active sites than cardanol [51]. Furthermore, after 
thermal treatment of each benzoxazine monomer at 100 ◦C, the 
maximum exothermic peaks shifted to lower temperatures (208.31 and 
224.82 ◦C for COB and CDB, respectively). This behavior indicated that 
the structure of benzoxazine monomers had changed after thermal 

treatment, such as molecular segments no longer freeze and segmental 
motion become more easily, with the structural transformation and 
segmental motion also affecting its ROP process. When the temperature 
of thermal treatment increased to 140 and 160 ◦C, the exothermic peak 
of UB disappeared completely indicating that completion of the ROP, 
and a glass transition temperature (Tg) was observed, which indicates 
the excellent thermal property of the final thermoset. However, the 
exothermic peak of CB disappeared completely was observed at 160 and 
180 ◦C and the Tg of CB was significantly higher than that of UB, which 
ascribe to differences in the structure of urushiol and cardanol. On the 
one hand, the latent catalytic effect from the presence of a phenolic 
hydroxyl group on UB structures, which reduced the ROP temperature of 
UB. On the other hand, the presence of phenolic hydroxyl groups also 
leads to more intramolecular hydrogen bonds and reduces intermolec
ular hydrogen bonds, while CB has more intermolecular hydrogen bonds 
after thermosetting, which increases the degree of cross-linking and thus 
increases Tg [52,53]. The Tg of UOB is higher than that of UDB, and that 
of COB is higher than that of CDB, which is due to the existence of long 
and flexible octadecylamine structures in UDB and CDB. The carbon 
chain of octadecylamine is longer, which leads to greater flexibility. The 
increase in flexibility is enough to compensate for the volume effect, 
which increases the distance between molecular segments, weakens the 
interaction force, and produces internal plasticization. 

The activation energy (Ea) for the ROP of newly designed benzox
azine monomers was also investigated with non-isothermal DSC at 
different heating rates of 2, 5, 10, 15 and 20 ◦C/min. The DSC ther
mograms of benzoxazine monomers at different heating rates were 
shown in Fig. 3. Then, the value of Ea for the ROP process was deter
mined via the well-known Kissinger and Ozawa methods. Based on the 
Kissinger and Ozawa methods, the value of Ea can be calculated by the 
following equations: 

ln
(

β
T2

P

)

= ln
(

AR
Ea

)

−
Ea

RTP
Kissinger equation (1)  

Fig. 2. TGA (a) and DTG (b) curves of COB, CDB, COHP and CDHP. DSC thermogram of (c) COB and (d) CDB after different temperature treatment.  

Table 1 
Thermal-stability parameters of COB, CDB, COHP and CDHP derived from TGA 
and DTG curves.  

Samples T5% (◦C) Tmax (◦C) Residue at 600 ◦C (wt%) 

COB  160.5  448.5  6.5 
CDB  224.3  455.7  10.7 
COHP  268.3  432.8  30.7 
CDHP  276.3  444.3  22.0  
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lnβ = − 1.052
Ea

RTP
+ C modified Ozawa equation (2)  

where β is the heating rate, TP is the thermodynamic temperature at the 
exothermic peak maximum, A is the pre-exponential factor, R is the gas 
constant, and C is a constant. When the heating rate was 20 ◦C/min, the 
polymerization temperatures of COB and CDB were 230.30 and 
239.78 ◦C; at 15, 10, 5 and 2 ◦C/min, the polymerization temperatures 
of COB were 224.70, 218.51, 203.44 and 189.89 ◦C, and that of CDB 
were 234.74, 229.63, 218.45 and 204.03 ◦C, respectively (Fig. 3a and b). 
As shown in Fig. 3c, the plots exhibit straight lines based on the two 
theories for the newly designed benzoxazine monomers and the values 
of Ea were summarized in Table 2. The Ea values calculated from the 
slope of Kissinger and Ozawa’s plots for COB are 103.01 and 105.58 kJ/ 
mol, and that of CDB are 123.30 and 125.03 kJ/mol, respectively. 
Notably, previously reported value of Ea for the benzoxazine monomer 
were 247 and 250 kJ/mol when calculated by using the Kissinger 
method or Ozawa methods, respectively. This kinetic analysis confirmed 
that when compared with the traditional benzoxazine monomer struc
ture, the newly designed bio-based COB and CDB could more readily 
undergo ROP, without consuming too much energy. In comparison, the 
Ea values of UOB and UDB are obtained to be 96.11, 98.63 kJ/mol and 
94.86, 97.44 kJ/mol (see Fig. S5 and Table S1), respectively. Obviously, 

the Ea values of UB are lower than that of CB, regardless of the Kissinger 
method or Ozawa method. This kinetic analysis confirmed that The UB 
could more readily undergo ROP at a lower temperature, without 
consuming too much energy, which attributed to the latent catalytic 
group (–OH) present in the benzoxazine structure result from the dif
ferences in the structure of urushiol and cardanol. 

On the basis of the relevant literatures [54,55], generally, the ROP 
process of benzoxazine follows a self-catalytic polymerization mecha
nism, which must be achieved at high temperature (>200 ◦C). Scheme 2 
provides a suggested mechanism for the transformation of CB during the 
ROP process, according to the DSC and FTIR spectral data. As shown in 
Scheme 2, after thermal treatment, the cleavage of O–CH2–N in the CB 
oxazine ring due to the gain of energy, then the cationic moieties of 
zwitterionic intermediates were formed. The other benzoxazine mono
mers attacked the cationic imine moieties though electrophilic substi
tution. Consequently, the structure was rearranged to form a new type of 
Mannich bridge. Finally, the oxazine ring in the benzoxazine underwent 
ROP under continuous heating to form a cross-linked polymer. At the 
same time, the unsaturated bonds on the side chains of urushiol and 
cardanol are further cross-linked, affording UOHP, UDHP, COHP and 
CDHP as a highly cross-linked network, respectively. Furthermore, as a 
lot of –OH and N exist in the highly cross-linked network, forming a 
large number of intermolecular and intramolecular hydrogen bonds 
(Scheme 2), which in turn affects the property of UOHP, UDHP, COHP 
and CDHP such as Tg. 

In order to explore crosslinking density (ρ) after the ROP of poly
benzoxazines (COHP, CDHP, UOHP and UDHP) in this work and the 
storage modulus (E′) of the newly designed polybenzoxazines with 
different structures, the DMA of polybenzoxazines was performed, and 
shown in Fig. 4. The crosslinking density (ρ) can be obtained from a 
statistical theory of rubbery elasticity theory according to Eq. (3): 

ρ(E′) =
E′

3ΦRT
(3)  

Fig. 3. Kinetic thermal curing behavior of COB (a), and CDB (b) at various heating rates through DSC measurements. (c) Representations of the Kissinger and Ozawa 
method for the calculation of the activation energy (Ea) of COB and CDB. 

Table 2 
The activation energy of COB and CDB obtained by Kissinger and Ozawa 
methods.  

Samples Kissinger Ozawa 

Linear fit 
equation 

Ea 

(kJ⋅mol− 1) 
Linear fit 
equation 

Ea 

(kJ⋅mol− 1) 

COB y =
15.15–12.39x  

103.01 y =
29.51–13.36x  

105.58 

CDB y =
19.41–14.83x  

123.30 y =
33.82–15.82x  

125.03  
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where E′ is the storage modulus at 30 K above Tg, Φ is the front factor, 
which is 1 here, R is the gas constant, and T is the thermodynamic 
temperature at Tg + 30 ◦C. The crosslink density of polybenzoxazines 
(COHP, CDHP, UOHP and UDHP) was calculated and shown in Table 3. 
Although the chains of polybenzoxazines were significantly restricted by 
hydrogen bonds in the glassy state, hydrogen bonds were very weak 
above Tg. Therefore, crosslink density can be calculated accurately at 30 
K above Tg. As can be seen, the storage modulus (E′) of COHP, CDHP, 
UOHP and UDHP at Tg + 30 K were 94.51, 1.36, 99.22 and 4.83 MPa, 
respectively. In addition, the crosslink density (ρ) of COHP, CDHP, 
UOHP and UDHP were 8.0 × 103, 0.12 × 103, 8.56 × 103and 0.46 × 103, 
respectively. As shown in Fig. 4a and Table 3, the E′ of COHP, CDHP, 
UOHP and UDHP at 30 ◦C were 767.66, 33.49, 1027.73 and 182.75 MPa 
respectively. It is clear that the E′ of CDHP and UDHP at 30 ◦C is much 
lower than that of COHP and UOHP. Significantly decreased E′ illustrates 
the improved flexibility of CDHP and UDHP. 

Besides, mechanical properties related to tensile parameters were 
also tested. As seen in Fig. 4c and Table 3, COHP and UOHP display the 
similar behavior during the tensile testing, after fracture, COHP gets a 
tensile strength of 6.80 MPa and elongation at break of 1.01 %, while 
that values for UOHP are 7.13 MPa and 0.69 %, which display the strong 
rigidity of COHP and UOHP. While the slope of the stress-strain curve of 
UDHP is lower than that of COHP and UOHP possibly due to the lower 
rigidity of UDHP, and the tensile strength decreases and the elongation 
at break increases, the value is 4.06 MPa and 2.06 %, respectively. 
Notably, the slope of the stress-strain curve and tensile strength of CDHP 

decreased sharply, while the elongation at break increased significantly, 
indicating that CDHP has the best flexibility and the lowest elastic 
modulus. Compared with COHP and UOHP, CDHP and UDHP have 
lower elastic modulus, which is consistent with the DMA test results. 

These results of mechanical properties are mainly due to the intro
duction of long and flexible octadecylamine into the CDHP and UDHP 
structure. The carbon chain of octadecylamine is longer, which leads to 
greater flexibility. The increase in flexibility is enough to compensate for 
the volume effect, which increases the distance between molecular 
segments, weakens the interaction force, and produces internal plasti
cization. Furthermore, the modulus of UOHP is higher than that of 
COHP, and the modulus of UDHP is higher than that of CDHP, which is 
mainly due to the cross-linking density in the polybenzoxazine mole
cule. Higher crosslink density restricts the movement of molecular 
segments, which in turn leads to higher modulus. Low modulus predicts 
higher potential fouling release performance. In addition, in the DMA 
test, the Tg of COHP and CDHP is higher than that of UOHP and UDHP, 
and the Tg of UOHP is higher than that of UDHP, and the Tg of COHP is 
higher than that of CDHP. These results are consistent with the DSC test 
results, which are attributed to hydrogen bonding and long, flexible 
carbon chain influence. 

3.3. Surface properties of polybenzoxazine coatings 

The WCA and SFE was adopted to study the hydrophobicity and 
surface energy of the newly designed polybenzoxazine coatings, the 

Scheme 2. Suggested mechanism of the transformation of CB after ROP.  

Fig. 4. (a) The storage modulus and (b) tan delta vs. Temperature of polybenzoxazine coatings. (c) (c) the stress-strain curves of polybenzoxazine coatings.  

Table 3 
Mechanical properties parameters of COHP, CDHP, UOHP and UDHP coatings.  

Samples E′ at 30 ◦C 
(MPa) 

Tg at the max Tan Delta 
(◦C) 

E′ at (Tg + 30 K) 
(MPa) 

ρ (×103 

mol⋅m− 3) 
Tensile strength 
(MPa) 

Elongation at break 
(%) 

Elastic modulus 
(MPa) 

COHP  767.66  170.63  94.51  8.00  6.80  1.01  732.51 
CDHP  33.49  157.55  1.36  0.12  1.21  13.68  24.00 
UOHP  1027.73  161.83  99.22  8.56  7.13  0.69  978.08 
UDHP  182.75  117.21  4.83  0.46  4.06  2.64  196.75  
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WCA and SFE of COHP, CDHP, UOHP and UDHP coatings were deter
mined in atmospheric environment, and results are shown in Fig. 5a and 
Table 4. Epoxy resin (EP), Polydimethylsiloxane (PDMS) and Poly
tetrafluoroethylene (PTFE) were selected as the control samples because 
they are hydrophobic and also widely used as low surface energy ma
terials. As show in Fig. 5a, the WCA of PDMS and PTFE are 104.5◦ ± 1.9◦

and 106.6◦ ± 3.3◦, respectively. The WCAs of COHP, CDHP, UOHP and 
UDHP coatings are 98.72◦ ± 1.5◦, 110.90 ± 1.5◦, 101.5◦ ± 3.1◦ and 
109.2◦ ± 2.0◦, respectively, indicating that the newly designed poly
benzoxazine coatings are also hydrophobic. Obviously, the WCA mea
surement results suggest that COHP, CDHP, UOHP and UDHP coatings 
are low surface energy material, as their WCA are higher than 98◦. The 
SFE results also reveal that COHP, CDHP, UOHP and UDHP coatings 
possesses a low surface energy, the SFEs of COHP, CDHP, UOHP and 
UDHP coatings are 23.82 ± 0.90 mN/m, 16.59 ± 0.86 mN/m, 22.13 ±
1.89 mN/m and 17.56 ± 1.13 mN/m, respectively. Moreover, CDHP and 
UDHP have higher contact angles and thus lower surface energies, 
compared with PDMS and PTFE. In general, low surface energy corre
sponds to low adhesion force. Therefore, the adhesion force of water on 
polybenzoxazine coatings and control samples were measured, and re
sults are shown in Fig. 5b. The statistical adhesion force measurement 
results are shown in Fig. 5c. It can be clearly seen that PDMS and PTFE 
exhibit relatively low surface adhesion force compared with COHP and 
UOHP, while CDHP and UDHP reveal lower surface adhesion force than 
PDMS and PTFE. This result is consistent with the WCA measurement 
results. The reason for this phenomenon is that the CDHP and UDHP 
contains octadecylamine structure, which is a highly hydrophobic long 
alkyl segment, and improves the hydrophobicity of CDHP and UDHP 
coatings, thereby decreased the surface adhesion force of the CDHP and 
UDHP coatings. 

3.4. Fouling-resistant assays of polybenzoxazine coatings 

To examine the antifouling performance of polybenzoxazine coat
ings, the fouling release performance of polybenzoxazine coatings were 
determined using typical Gram-negative bacteria E. coli (BW25113), 
Gram-positive bacteria S. aureus (ATCC 25923) and marine bacterial 
V. alginolyticus (ATCC 33787). In order to determine the level of biofilm 
formation on the surface of coatings, the adhesion of bacteria on the 
surface of polybenzoxazine coatings was visually examined by FE-SEM. 
Fig. 6 a-c respectively shows the SEM image of the three kinds of bac
teria: E. coli, S. aureus and marine bacterial V. alginolyticus, attached to 
COHP, CDHP, UOHP and UDHP coatings. It is easily found that a large 
number of bacteria were observed on the control group sample made of 
BG and the bacteria were tightly adhered to the surface of BG, and the 
distribution was very dense, indicating that it is very susceptible to 
bacterial adhesion. For COHP and UOHP, compared with BG, the 
amount of bacterial adhesion has been significantly reduced, but there 
are still some bacteria on the surface, proving that UOHP and COHP 
coatings have limited bacteria-resistant properties for E. coli, S. aureus 

and marine bacterial V. alginolyticus. However, there is almost no bac
terial adhesion on the CDHP and UDHP coatings surface, indicating that 
CDHP and UDHP coatings have better anti-bacterial adhesion proper
ties. Such results are attributed to the low surface energy and low 
modulus of the coatings. 

Microalgae are the unwanted colonization on an artificial surface in 
marine environments because they easily settle on a wide range of 
surfaces after the marine conditioning biofilm formed. Therefore, 
microalgae were adopted as a model fouling specie to further investigate 
the biofouling resistance of the newly designed polybenzoxazine coat
ings. Fluorescence microscopy was used to observe the adhesion of 
microalgae on the sample surfaces. Fig. 7a-c show the fluorescence 
microscopy images of N. closterium, P. tricornutum and D. zhan-jiangensis 
cells attached to BG, UOHP, UDHP, COHP and CDHP coatings and 
Fig. 7d show their area coverage on the surface analyzed by the ImageJ 
software after immerse for 7 days. As shown in the figure, the uniformly 
brilliant fluorescence intensity indicated that a large number of micro
algae had been equably attached on the surface of BG and it is very 
susceptible to microalgae adhesion. Statistical analysis showed that the 
coverage of N. closterium, P. tricornutum and D. zhan-jiangensis cells on 
the surface of BG after 7 days of immersion were 46.16 ± 5.46 %, 39.68 
± 3.95 % and 11.10 ± 4.09 %, respectively. Statistical results show that 
the coverage of N. closterium cells were 12.34 ± 1.42 %, 1.63 ± 0.49 %, 
17.19 ± 1.54 % and 3.55 ± 0.99 %, on the surface of COHP, CDHP, 
UOHP and UDHP, and that values of P. tricornutum and D. zhan-jiangensis 
cells were 12.04 ± 2.94 %, 1.06 ± 0.42 %, 12.06 ± 2.30 %, 1.22 ± 0.61 
%, and 0.16 ± 0.03 %, 0.04 ± 0.02 %, 0.27 ± 0.22 %, 0.04 ± 0.01 %, 
respectively, after 7 days of immersion. For COHP and UOHP, many 
microalgae cells were attached, proving that COHP and UOHP coating 
have limited microalgae-resistant properties for N. closterium, 
P. tricornutum and D. zhan-jiangensis cells. However, there were few 
microalgae cells adhered on the surface of CDHP and UDHP coatings 
exhibiting better microalgae-resistant properties than COHP and UOHP. 
Such results are consistent with bacteria-resistant tests, which attributed 
to the low surface energy and low modulus of the coatings. Since neither 
BG nor polybenzoxazine coatings does not have the property of inhib
iting the proliferation of microalgae cells, the CDHP and UDHP coatings 
with low surface energy and low modulus reveal better anti-microalgae 
adhesion properties. 

On the basis of these experimental results, a suggested antifouling 
mechanism for the newly designed polybenzoxazine coatings was pro
posed, as shown in Scheme 3. Generally, two antifouling strategies are 
used to effectively control biofouling. One is to kill fouling organisms 

Fig. 5. (a) WCA measurements for polybenzoxazine coatings and control samples in air; (b) adhesion force measurements for polybenzoxazine coatings and control 
samples; (c) statistical adhesion force measurements for polybenzoxazine coatings and control samples. 

Table 4 
The SFE values of polybenzoxazine coatings.  

Samples COHP CDHP UOHP UDHP 

SFE value (mN/ 
m) 

23.82 ±
0.90 

16.59 ±
0.86 

22.13 ±
1.89 

17.56 ±
1.13  
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Fig. 6. Adhesion of bacteria (a) E. coli, (b) S. aureus and (c) V. alginolyticus after 24 h of incubation period on surface of (i) BG, (ii) COHP, (iii) CDHP, (iv) UOHP and 
(v) UDHP coatings by FE-SEM images (the scale bars are 5 μm). 

Fig. 7. Fluorescent photographs (0.156 mm2) of (a) N. closterium, (b) P. tricornutum and (c) D. zhan-jiangensis adhesion after 7 days of cultivation time on (i) BG, (ii) 
COHP, (iii) CDHP, (iv) UOHP and (v) UDHP coatings (the scale bars are 100 μm); (d) statistical chart showing algal density in examined fields by ImageJ software. 

Scheme 3. The suggested antifouling mechanism for the polybenzoxazine coatings, (a) BG, (b) polybenzoxazine synthesized by octylamine, and (c) polybenzoxazine 
synthesized by octadecylamine. 
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that are close to or adhere to the surface, relied on the release of toxic 
antifouling agents in the coating to kill near-fouling organisms or graft 
antifouling groups on the polymers, to kill near-fouling organisms. 
Another strategy is fouling release, that is, fouling organisms cannot 
adhere to the coating or are easily detached when they adhere. For the 
newly designed polybenzoxazine coatings, there are no toxic antifouling 
agents or groups effective to kill fouling organisms. Therefore, the 
antifouling mechanism of the polybenzoxazine coatings mainly depends 
on the fouling release performance of the low surface energy. Further
more, the fouling release performance relies on the adhesion of fouling 
organisms on the coating surface. The weaker the adhesion, the easier it 
is for the fouling organisms to removal from the coating surface. Ac
cording to previous literature reports, the adhesion of fouling organisms 
on the surface of low surface energy coatings is positively correlated 
with (E⋅γ)1/2, where E is modulus and γ is surface energy [18,19]. That is, 
the lower the surface energy, the lower the modulus, and the weaker the 
adhesion of fouling organisms on the surface of the antifouling coating. 
For BG, it is a rigid material with high modulus and high surface energy 
lead to it is very susceptible to fouling organisms (bacteria and micro
algae) adhesion, and the adhesion is relatively strong and difficult to 
remove from the surface. However, through molecular structure design, 
long and flexible octadecylamine was introduced into the benzoxazine 
structure, thereby endowing CDHP and UDHP coatings with extremely 
low surface energy and modulus. The fouling organisms (bacteria and 
microalgae) adhered weakly to the surface of CDHP and UDHP coatings 
surface and were easily washed away by PBS, revealed excellent fouling 
release performance, thus only a few fouling organism adhesions. While 
COHP and UOHP coatings have relatively low surface energy, but 
relatively high modulus, because the molecular chain of octylamine is 
shorter than that of octadecylamine, the adjustment of surface energy 
and modulus was limited. Therefore, the fouling release performance is 
limited, and more fouling organisms adhere to the coating surface. 

4. Conclusions 

A series of natural biomass phenol (cardanol and urushiol)-based 
benzoxazine monomers with different structures were designed and 
synthesized by molecular structure design, based on the flexible mo
lecular design of benzoxazine. The difference in structure between 
urushiol and cardanol, the latent catalytic effect from the presence of a 
phenolic hydroxyl group on urushiol structure, resulting in a lower 
activation energy, thereby the ROP temperature of urushiol-based 
benzoxazine is significantly lower than that of cardanol-based benzox
azine. The properties of polybenzoxazine were further regulated by 
amine sources with different structures, and the benzoxazine containing 
octadecylamine with longer carbon chain had higher WCA and lower 
surface energy. The flexibility of the long carbon chain also effectively 
reduces the modulus of polybenzoxazine, thus, CDHP and UDHP coat
ings have lower surface energy and modulus. The fouling organisms 
have weak adhesion on the low surface energy and low modulus coating 
surface, thus they are easily washed away by simple water flow, and the 
CDHP and UDHP coatings show excellent fouling release properties. In 
this work, the newly designed polybenzoxazine coatings, without any 
antifoulant, exhibit excellent fouling release performance, which only 
relies on the low surface energy and low modulus of the coating. This 
design is a green and eco-friendly antifouling strategy, and provide 
technical support for the development of eco-friendly antifouling 
coatings. 
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