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A B S T R A C T

Tomato peels have been proposed as a promising biowaste for producing bio-derived anti-corrosion polymer 
coatings potentially more sustainable than traditional petrol-based ones. Nonetheless, there is no proof that the 
cutin monomer, i.e. 10,16-dihydroxy hexadecanoic acid (10,16-diHHDA) largely found in tomato peel, can be 
used as a curing agent, due to a lack of sufficiently pure samples of this fatty acid. In this work, the cutin 
monomer was firstly successfully isolated by up-cycling tomato-dried peels with a purity averaging 92 % and a 
67 % recovery rate. 10,16-diHHDA was then used as a trifunctional reactive component to develop fully bio- 
based epoxy coatings formulated with three different epoxidized precursors. Using a phloroglucinol epoxi
dized precursor, an increase in the ratio between epoxy groups and hydrogen-active nucleophiles increased the 
glass transition temperature, up to an average of 104 ◦C, along with enhanced hardness and adhesion to steel and 
aluminum alloy surfaces. Additionally, all the cutin-derived coatings exhibited higher hydrophobicity than a 
reference bisphenol-A-containing coating. The most promising bio-based resin formulations were finally used to 
coat carbon steel samples and the protection ability against corrosion in a 3.5 wt% NaCl solution was assessed 
through a multi-step electrochemical testing protocol to investigate continuum phenomena at both medium| 
coating and coating|metal interfaces. As a result, two resin compositions (namely PC_4:1_5 and PC_5:1_3, 
differing for the amounts of the cutin monomer and catalyst) were identified as the most protective coatings in 
terms of both instant and long-term performance. Pore resistance, initially ≥ 100 GΩ cm2 on average, double that 
of the reference petrol-based coating, decreased to a still well-satisfactory 1 GΩ cm2 value even after one week of 
accelerated aging test. Within the same time frame (i.e., 7 times longer than the recommended period by the 
ASTM industrial standard test) the water uptake was finally set at <5 % values without any delamination.

1. Introduction

The transition from a fossil-based to a sustainable economy is crucial 
for reducing our society’s dependence on fossil resources and decreasing 
environmental pollution resulting from fossil fuel consumption, which 
leads to greenhouse gas emissions [1]. In this contest, bioeconomy, 
defined as an economy using renewable biological resources from the 
land and sea as inputs to produce food, material, and energy [2], pos
sesses a high potential to boost this economic transition, which can lead 
to circular bioeconomy if agro-industrial wastes are used to produce 
chemicals and fuels [3,4]. A specific example of agro-waste valorization 
is the conversion of tomato wastes into energy, chemicals, biocatalysts, 
biopolymers, bio-additives, etc. [5]. An estimated 1–2 million tons of 

tomato waste [6] is generated annually during fresh tomato processing, 
which is necessary for making products like tomato sauce and ketchup −
representing over 60 % of tomato products in the EU [7]. Tomato waste 
is currently disposed of in uncontrolled and controlled landfills, with a 
negative environmental impact [8]. Instead of disposing of tomato 
product residues, they can be utilized for animal feeding, fertilization, 
and producing raw materials such as chemicals and biopolymers [9]. For 
example, tomato peels contain significant amounts of pectin, employed 
as a tin corrosion inhibitor [10], and cutin, used for producing and 
plasticizing bioplastics [11,12].

Cutin is a bio-polyester contained in various fruit cuticles and con
sists of esterified tri- and bi-functional fatty acids [13], which form an 
amorphous 3D network, capable of regulating water uptake/egress and 
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protecting the internal parts of fruits towards, among others, mechanical 
stresses and UV radiation. The function of tomato cuticles is remarkably 
similar to that of artificial organic coatings used to protect various 
human-made objects. The primary molecule in tomato cuticles is 10,16- 
dihydroxy hexadecanoic acid (10,16-diHHDA) [14]. This compound can 
be extracted by either dewaxing isolated cuticles or alkaline hydrolysis 
[15]. A mixture of hydroxy fatty acids derived from the cutin was 
employed to develop a bio-based polyester-based coating for metal 
protection [16], food canning [17–19], and packaging applications 
[20,21]. Poly(ester-urethane) coatings for cellulose-based paper sub
strates were recently derived from tomato peels [22].

Epoxy coatings are often used to protect metals and alloys against 
corrosion due to their effectiveness [23]. They dominate the organic 
protective coating market, despite concerns about their environmental 
sustainability and health impacts [24]. Most thermosetting epoxy ma
terials are currently composed of diglycidyl ether of bisphenol A 
(DGEBA), which provides strong thermal resistance, mechanical per
formance, and good corrosion protection. However, bisphenol A (BPA) 
is an endocrine disruptor for living beings, because it can interact with 
human hormone receptors, causing harmful health effects, including 
alterations in brain chemistry, immune systems, and reproductive sys
tems in various animals [25,26]. The toxicity of these materials, com
bined with the global tendencies toward the principles of sustainable 
development, has stimulated the research of renewable resources to 
develop bio-based epoxy building blocks [27,28], e.g. cardanol-based 
[29,30], vegetable oil-derived [31,32] and isosorbide-based epoxy 
resins [33]. To achieve the ultimate durable coating, it is crucial to 
combine and react epoxidized pre-polymers with curing agents, 
including amines (both aliphatic/aromatic and primary/secondary), 
phenols, carboxylic acids, thiols, and anhydrides. They are almost 
invariably derived from fossil sources and sometimes even toxic. To 
reduce their health and environmental concerns, curing agents can be 
derived from renewable sources such as citric acid and cashew nut shell 
liquid crosslinked with epoxy resins for anti-corrosion coatings [34] and 
superhydrophobic oil/water separation media [35]. A bio-based curing 
agent was also obtained from cashew nutshells cardanol to convert 
epoxidized soybean oil into a thermosetting epoxy coating [25,26,36].

Despite numerous bio-oriented studies, literature still lacks reporting 
on the performance of the highly pure 10,16-diHHDA molecule obtained 
from upcycling tomato waste [18,19]. Montanari et al. described the 
development of coatings obtained by curing a bio-based mixture of 
(poly)hydroxyl acids (derived from tomato peels) with phenolic or 
polyisocyanate reagents [18]. Benítez et al. reported the production of 
protective thin films by polycondensation of a mixture of bio-based 
lipids derived by the treatment of tomato pomace [19]. However, 
there is a knowledge gap in assessing the potential of the 10,16-diHHDA 
cutin monomer in coating formulations. For instance, it can be employed 
as a curing agent for bio-based epoxy resins to produce thermosetting 
coatings that are free of bisphenol A (BPA-free) or non-intent (BPA-NI), 
suitable for anti-corrosion applications. Utilizing cutin-derived mono
mers has the potential to introduce a dual innovation to the organic 
coating industry. First, it can accelerate the transition to a bio-based 
economy by utilizing agri-food waste as a valuable curing agent, 
reducing the reliance on fossil-based sources. Secondly, the 10,16- 
diHHDA molecule exhibits multifunctionality, possessing two hydroxyl 
groups and a carboxylic acid group. These unique properties enable the 
production of highly crosslinked polymer networks suitable for ther
mosetting coatings.

This work aimed to prepare a series of fully bio-based BPA-free epoxy 
coatings crosslinked by using highly pure 10,16-diHHDA monomer up- 
cycled through the depolymerization of cutin contained in tomato peel 
waste. By screening different bio-based epoxy resins available on the 
market, such as epoxidized cardanol, sorbitol, and phloroglucinol, the 
formulation bearing phloroglucinol triglycidyl ether (PHTE) was 
selected for further optimization as it exhibited the best performance in 
terms of glass transition temperature, Tg. By changing the epoxy vs. 

curing agent ratio and catalyst amount, several coating compositions 
were tested to determine the most promising ones and guarantee high 
outdoor thermal resistance and good mechanical properties. Adhesion 
strengths, surface energies, and hardness levels on steel and aluminum 
alloy substrates were evaluated for the selected coating compositions. 
Eventually, the anticorrosion properties of the selected coatings were 
characterized using electrochemical impedance spectroscopy (EIS) and 
modified, harsher accelerated cyclic electrochemical technique (ACET) 
tests. Results firstly evidence the possibility of developing fully bio- 
based and BPA-free/BPA-NI epoxy resins for corrosion protection by 
employing a highly pure and stable dihydroxy acid curing agent up- 
cycled by tomato peel waste.

2. Experimental section

2.1. Materials

The bio-based resin derived from cardanol, named NC-547 (com
pound a in Fig. 1), was kindly supplied by Cardolite Corporation and it is 
characterized by an equivalent epoxy weight (EEW) of 550–850 g/eq, 
whereas the epoxidized-sorbitol resin named EX-622 (b, Fig. 1) was 
kindly supplied by Nagase ChemteX Corporation (EEW = 189 g/eq).

Phloroglucinol Tris Epoxy (PHTE, c in Fig. 1) resin was purchased 
from Specific Polymers and the epoxy content determined by NMR 
titration was 8.3 meq/g. DGEBA (d, Fig. 1) was purchased from Merck 
(Milano, Italy). Two different chemicals have been used as curing 
agents: 10,16-diHHDA (e, Fig. 1), derived from the depolymerization of 
cutin from tomato peel waste as described in the next section, and 
hexahydro-4-methylphtalic anhydride (HMPA) (f, Fig. 1) purchased 
from Sigma Aldrich. 2-methylimidazole purchased from Merck (Milano, 
Italy) was used as the catalyst (g, Fig. 1). Sodium hydroxide (NaOH, 
granulated, purity >98.0 %) was stored under an inert atmosphere due 
to its hygroscopicity and purchased from Tokyo Chemical Industry Co., 
Ltd. Methanol (MeOH, Ph.Eur.-Reag. ACS analytical reagent) was pro
vided by VWR Chemicals BDH. Water Milli-Q®, hydrochloric acid (HCl, 
ACS reagent, fuming ≥37 wt%), and dichloromethane (DCM, CHRO
MASOLV®, suitable for HPLC, ≥ 99.8 %, containing amylene as a sta
bilizer) were purchased from Sigma Aldrich (Milano, Italy). 
Tetrahydrofuran (THF) (anhydrous, containing 250 ppm of BHT as an 
inhibitor, >99.9 %) was purchased from Merck (Milano, Italy). The 
metallic substrates (i.e., mild carbon steel and aluminum alloy) for 
coatings deposition were purchased by Q-Lab Corporation (Bolton, UK) 
in the form of a standard Q-panel (dimensions 76 mm × 152 mm × 0.64 
mm). Mild carbon A100 steel substrates (type S) had a ground surface 
finish (0.81 mm thick; roughness = 0.51–1.14 µm) while aluminum 
alloy 3003 H14 panels (type A) had untreated smooth surface (0.64 mm 
thick; roughness <0.5 µm). Their nominal elemental composition is as 
follows. For A100 steel (SAE 1008/1010; ASTM A1008): Fe balance, Mn 
< 0.60 %, C < 0.15 %, S < 0.035 %, P < 0.03 %. For AA3003-H14 
aluminum alloy (ASTM B209): Al balance, Mn 1.00–1.50 %, Fe <
0.70 %, Si < 0.60 %, Cu 0.05–0.20 %, Zn < 0.10 %, others 0.05–0.15 %. 
Tomato pomace was provided by TomatoFarm s.r.l. (AL, Italy), a tomato 
canning industry located in the north of Italy. Batches of fresh pomace (i. 
e., by-product) were collected in proper plastic food packaging bags 
immediately after their production by the tomato processing plant 
(collecting periods: first week of September 2022 and 2023, respec
tively) and delivered to our labs the same day into closed and dark 
containers. Each seasonal batch (40–50 kg) is then immediately parti
tioned into smaller samples to be easily stored in a freezer (ca. –20 ◦C) to 
avoid microbial growth that would lead to the deterioration of the 
vegetable matrix over the subsequent months.

2.2. Methods and procedures for coating preparation

2.2.1. Tomato peel processing
The specified amount of tomato waste (2–3 kg at a time) was firstly 
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defrosted and then washed with water to separate seeds, which naturally 
sank to the bottom of the vessel, due to their higher density, from peels 
that remain on the water surface. The peels were then collected using 
appropriate tools, ensuring the removal of as much water as possible, 
and transferred directly to the oven for the drying process (60–80 ◦C, for 
approximately 2 days) necessary to stabilize the biological matrix. The 
dried peels were finely ground and stored in commercially available 
food packaging bags in the dark until their utilization. Approximately 
100 g of dried tomato peels were degreased to remove the impurities 
called oleoresin fraction containing free fatty acids, waxy components, 
and carotenoids, which could interfere with the chemical processing of 
the biomass. This was achieved by subjecting the peels to Soxhlet 
extraction using n-hexane as a solvent for 6 h in a dynamic continuum 
process.

2.2.2. Cutin depolymerization and 10,16-diHHDA isolation
The molecule of interest is 10,16-diHHDA, which represents the most 

abundant monomer of cutin, the main structural component consti
tuting the tomato peel. It was obtained from dried and degreased tomato 
peels (section 2.2.1) through a 4-step procedure. The first step consisted 
of the cutin depolymerization by alkaline methanolysis, using a modi
fied version of the method proposed in the literature [37] that allowed to 
overcome important criticalities, thus significantly improving the purity 
and yield of the desired product. 30 g of defatted peels were placed into a 
round-bottomed flask and 300 mL of 1 M NaOH in MeOH (1:25, w/v) 
solution was added under vigorous magnetic agitation. The suspension 
was refluxed at 80 ◦C for 3 h, during which it turned a darker shade of 
orange, and then it was allowed to cool down to room temperature. 
Then, the suspension was filtered through a Büchner funnel diluting it 
with 600 mL of Water Milli-Q® water. While the solid residue was dis
carded, the filtered red solution was acidified by adding 37 wt% HCl 

until a pH = 3.5 was reached. While monomer precipitation occurs, the 
mixture becomes lighter, turning from red to yellowish. In the last step, 
the acidified mixture was divided into two aliquots for an easier work- 
up. Each part was carefully extracted into a separatory funnel with 
DCM (2 × 200 mL). The aqueous phase was then washed with DCM (1 x 
100 mL) monitoring the success of the process by TLC analysis to verify 
the absence of monomer in the aqueous phase. Finally, all the organic 
phases were collected, and the solvent was stripped out through the 
rotary evaporator to obtain an orange wax-like material. The final 
product was 10,16-diHHDA with a purity of around 92 %, as evaluated 
by the gas chromatography-mass spectrometry technique. The overall 
yield over the four steps was 47 wt% on average considering the initial 
biomass waste, resulting in an average recovery of the 10,16-diHHDA of 
67 wt%, evaluated on the weight of the dry residual corresponding to the 
non-hydrolizable biomass.

2.2.3. Coating preparation
All coatings were prepared without using any solvent. The curing 

agent (10,16-diHHDA (e) or compound (f)) and catalyst (g) were added 
into a beaker, heated at 90 ◦C, and mixed until well solubilized. After
ward, the selected epoxy resin (a-d) was added and stirred from 5 to 10 
min to ensure a homogeneous mixing. The ratio between the moles of 
epoxy groups of the resin and those of the reactive hydrogen (i.e., –OH 
and –COOH groups) of 10,16-diHHDA was varied together with the 
catalyst percentage and the curing parameters to tune firstly the glass 
transition temperature and the crosslinking degree of the cured coatings 
and then the resulting properties of some selected cured coatings. The 
moles of epoxy functional groups in the resins were calculated exploiting 
EEW reported in the technical datasheet of the resins (the average value 
of 700 g/eq was considered for NC-547; 189 g/eq for EX-622; 120.5 g/eq 
for PHTE; 170 g/eq for DGEBA). The reactive hydrogen equivalent 

Fig. 1. Chemical structures of a) cardanol-derived epoxy resin (NC-547), b) EX-622 sorbitol-derived epoxy resin (EX-622), c) phloroglucinol tris epoxy resin (PHTE, 
n = 0.5–0.7), d) diglycidyl ether of Bisphenol A (DGEBA), e) 10,16-dihydroxy hexadecanoic acid (10,16-diHHDA), f) hexahydro-4-methylphtalic anhydride (HMPA), 
and g) 2-methylimidazole.
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weight (RHEW) of the curing agents is 96 g/eq for the formulations 
cured with 10,16-diHHDA and 84 g/eq for the reference petrol-based 
curing agent HMPA (f). For 10,16-diHHDA as a curing agent, the 
actual RHEW was obtained by multiplying the theoretical one by 0.9, to 
consider the purity of the compound (see 2.2.2). The weight of the 2- 
methylimidazole catalyst was calculated to have a mole concentration 
of 3 %, 5 %, and 10 %, concerning the epoxy group moles. The fully bio- 
based mixtures were crosslinked at different curing conditions to 
maximize their crosslinking conversion and minimize curing time, e.g.,: 
i) PHTE and 10,16-diHHDA were cured in an oven at 150 ◦C for 2 h; ii) 
EX-622 and 10,16-diHHDA at 170 ◦C for 4 h; iii) NC-547 resin and 
10,16-diHHDA at 180 ◦C for 6 h; iv) the petrol-based coating with 
DGEBA and HMPA was cured at 120 ◦C for 1 h. The different conditions 
for the curing treatment were selected considering unsuccessful previ
ous tests of gelation and curing at lower temperatures and time values. 
Mixtures were either poured on polytetrafluoroethylene (PTFE) molds 
or glass or used to coat Q-panels of mild carbon A100 steel substrate and 
aluminum alloy 3003 H14 for assessing the adhesion strength and the 
corrosion protection properties of the thermosetting coatings. For all 
tests, the mechanically polished (ground) surface of the metallic panels 
(76 × 152 mm2) was used. Materials cured on PTFE surfaces were 
employed for analysis by Fourier-transform infrared spectroscopy (FT- 
IR), differential scanning calorimetry (DSC), gel content measurements, 
and thermogravimetric analysis (TGA). Before the film application on 
metal and glass surfaces, all substrates were washed using 2-propanol, 
methanol, and acetone and dried with a nitrogen flux, to remove the 
residual organic impurities on the surface that could reduce the film 
adhesion. Hereafter, an air plasma treatment was performed to increase 
the substrate’s surface energy. Substrates were treated for 60 s, using a 
discharge power of 150 W under an air atmosphere at a reduced pres
sure. A K202 Control Coater (RK Print Coat Instruments Ltd, Royston, 
Hertfordshire, United Kingdom) was used to deposit the coatings on 
substrates by bar coating technology using a bar with a close wound rod 
(wire diameter 1.20 mm) and a coating speed of 2 m/min. After curing, 
the coatings had an average thickness of 220 µm and an area of around 5 
× 7 cm2.

2.3. Characterization methods

2.3.1. FT-IR spectroscopy analysis
FT-IR spectroscopy was performed with a Fourier-Transform 

Infrared instrument named Nicolet 760-FTIR nexus spectrometer 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). FT-IR spectra 
were measured for KBr round tablets, obtained by pulverizing cured 
coatings and compressing them with KBr anhydrous powder. A pre
liminary background analysis was conducted to consider atmospheric 
effects before assessing any samples. FT-IR spectra were recorded from 
4000 to 400 cm− 1 with a resolution of 4 cm− 1 and a scanning number of 
64 times. Spectra analysis was done using OMNIC Specta Software 
(Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.3.2. Gel content measurements
A solvent extraction method was utilized to determine gel content 

(Gc) and evaluate the coating crosslinking degree. The sample was cured 
in a PTFE mold to facilitate its detachment due to the low adhesion to 
the fluorinated surface. Firstly, the initial weight of the coatings, m0, was 
measured and the specimens were packed in filter paper. THF was added 
into a vial with a solid-to-liquid (g mL− 1) proportion ratio of 1:100. 
Coatings were dipped in THF and the solvent was stirred at 250 rpm for 
24 h. The THF solution containing the solubilized part of the coatings 
was carefully transferred into a round bottom flask, dried by a rotavapor 
RV 8 (IKA, Staufen im Breisgau, Germany), and weighed In this work, Gc 
was calculated from the sol part, which was the coating extracted by 
THF from cured polymer networks, me, as follows: 

Gc = 100 •

(

1 −
me

m0

)

(1) 

At least three parallel tests for each sample were performed to report 
the gel content results as the average ± standard deviation values.

2.3.3. Differential scanning calorimetry (DSC)
Thermoanalytical analyses were performed using a DSC 283e (Met

tler-Toledo, Columbus, Ohio, USA) instrument. Samples with masses of 
5–20 mg were placed in 100 μl aluminum pans with punctured lids 
under a nitrogen atmosphere. The applied heating and cooling rate was 
20 ◦C min− 1. The thermal behavior of the samples was investigated 
using the following thermal treatment: a heating ramp from − 50 ◦C to 
150 ◦C, a cooling step from 150 ◦C to − 50 ◦C followed by a second 
heating step from − 50 ◦C to 200 ◦C. The values of glass transition 
temperatures, determined as the inflection point of DSC profiles, were 
obtained from the second heating runs by averaging 3 measurements.

2.3.4. Thermogravimetric analysis (TGA)
TGA analysis was performed with a Q500 (TA Instruments, New 

Castel, Delaware, USA) instrument by heating from room temperature to 
800 ◦C with a heating rate of 20 ◦C min− 1 in air and nitrogen atmo
sphere. Degradation temperatures were taken as the temperatures at 
which the sample lost 5, 10, and 30 % of its mass.

2.3.5. Optical contact angle and surface energy measurements
Optical contact angle measurements were carried out using an OCA 

15 plus instrument (Dataphysics Co., Filderstadt, Germany), equipped 
with a CCD photo-camera and a 500 μL Hamilton syringe to dispense 
droplets of testing liquids. Water supplied by LiChrosolv® was used, and 
the liquid droplet volume was 2 μL. Diiodomethane (purity 99 %, con
taining Cu as a stabilizer) was employed in a droplet of 1.5 μL. Mea
surements were performed at room temperature, using the sessile drop 
technique. The instrument software automatically evaluated contact 
angles by fitting the captured drop shape to the one calculated from the 
Young–Laplace equation. The resulting contact angle values were ob
tained on an average of 10 droplet measurements. Using the measured 
contact angles for the two different wetting liquids, surface energies of 
coatings were derived by using the Owens, Wendt, Rabel, and Kaeble 
(OWRK) method [38], using the following dispersive γd and polar γp 
components of the surface tension γ for water and diiodomethane: γd,H2O 
= 19.9 mN/m; γd,CH2I2 = 47.4 mN/m; γp,H2O = 52.2 mN/m; γp,CH2I2 =

2.6 mN/m.

2.3.6. Nanoindentation tests by atomic force microscopy (AFM)
Nanoindentation tests were carried out with an atomic force mi

croscope AFM (NSCRIPTOR system provided with closed-loop sensors, 
which perform calibration and linearization of the piezo scanner in x, y, 
and z) driven by SPMCockpit software (NanoInk., Skokie, IL, USA) at 
room temperature, using commercially available silicon ACT probes 
purchased from AppNano (Santa Clara, CA) with a nominal spring 
constant k of 37 N/m, a conical tip and a half-opening angle of α = 24◦. 
Each probe was calibrated by performing a force–distance curve on a 
silicon wafer substrate, which can be considered as an infinitely hard 
substrate that cannot be indented by a silicon tip. Before the calibration, 
each silicon surface was cleaned by immersion for 30 min in piranha 
solution (1:3 mixture of H2O2 30 wt% and concentrated sulfuric acid), 
then rinsed with ultra-pure water, methanol, and blown dry with ni
trogen. Substrates were also cleaned ultrasonically in ethanol for 15 min 
and dried with a nitrogen flux. Elastic modulus, k, of samples under 
investigation was obtained from the force–distance curves based on the 
Sneddon model [39], which related the deflection d and the indentation 
δ as follows: 

kd =
2
π tanα

(
Es

1 − νs
2

)

δ2 (2) 
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where Es is the elastic modulus of the coating (assuming an infinitely 
higher modulus of the probe compared to the sample), νs is its Poisson 
ratio that was assumed to be equal to 0.35 for epoxy coatings with high 
cure degree [40,41]. Young’s modulus values were calculated by fitting 
the Sneddon model to the curves in the region of reversible elastic de
formations according to the method developed in a previous paper [42].

2.3.7. Scratch tests
The pencil hardness tests were performed according to BS EN ISO 

15184:2020 standard [43]. Pencil scratch hardness was measured by 
imposing a mechanical load using pencil leads (KOHI-Noor Hardtmuth, 
Czech Republic) with an increasing hardness. The reported hardness 
corresponded to the hardest pencil that did not scratch the surface.

2.3.8. Adhesion pull-off tests
Pull-off tests were performed by gluing a metallic dolly with a 

bicomponent epoxy resin Araldite 2011 (Huntsman, Salt Lake City, 
Utah, United States) to the coated samples. A plasma pre-treatment was 
performed both for coatings (190 W, 5 min, air atmosphere) and dollies 
(190 W, 15 min, air atmosphere) to promote glue adhesion. After a 
complete curing of the glue, dollies were clamped and pulled with 
increasing pressure. When the dolly detached the film from the sub
strate, pull-off pressure was measured. Tests were performed according 
to BS EN ISO 4624:2016 standard [44], with a manual self-aligning 
tester ARW-T05 (ARW Misure, Zanè, Vicenza, Italy), and at least three 
dollies per coating were applied.

2.3.9. Colorimetric analysis
For color analysis of coatings, the light reflected from the coated 

sample is measured with a YS3010 Spectrophotometer (3nh, Guangz
hou, P.R.China), exploited to determine L*, a*, b* values in CIELab 
space, with an observation angle of 8◦ and a standard light D65 as a light 
source.

2.3.10. Electrochemical investigation of coated steel specimens
The corrosion protection performance of each type of cured coating 

was assessed through an electrochemical investigation of the related 
steel-coated sample. Each specimen was tested at a minimum of two 
spots (used area per each test: ca. 6 cm2). If results were not sufficiently 
similar, a third and even a fourth fresh spot was tested to improve the 
reliability of the data set. A three-electrode configuration was used in 
each testing protocol, with the coated steel plate used as the working 
electrode, a platinum wire (approximate geometric area 1.5 cm2) as the 
counter electrode, and an AgCl/Ag electrode (in aqueous 3 M KCl) used 
as the reference one. The electrodes were properly arranged in a glass 
cell with a hole 1 cm in diameter in the bottom part. Each coated sample 
was sealed to the cell using a bi-adhesive tape 0.5 mm in thickness (A2 
Soluzioni Adesive, Italy). A 2.5 × 2.5 cm2 square of tape with a 10 mm 
hole in the middle was attached to the coated sample and pressed tightly 
against the flat bottom surface of the cell to ensure the two surfaces were 
sealed. Then, the cell was filled with approximately 100 mL of naturally 
aerated, near-neutral NaCl 3.5 wt% solution, replicating a seawater 
environment. To minimize ohmic drop, the reference electrode was 
placed into a glass Luggin capillary, and its tip was carefully positioned 
as close as possible to the approximately 0.78 cm2 spot of the coated 
steel. The assembled cell was placed inside a homemade Faraday cage to 
shield the apparatus from external electromagnetic interference. Elec
trodes were finally connected to a potentiostat/galvanostat/ZRA in
strument (Interface 1000; Gamry, USA) run by a PC through the Gamry 
Frameworks software (Gamry, USA). For comparison, a pristine (i.e., 
uncoated) steel Q-panel was also tested. The protocol specifically 
developed for the electrochemical tests (Fig. 2), aimed at quantitatively 
monitoring the coating features as a function of its formulation, in
tegrates a first natural aging period with a modified version of the 
Accelerated Cyclic Electrochemical Technique (ACET), an ISO 

procedure coded for assessing the effectiveness of industrial paint and 
coatings for metals and alloys [45]. ACET is constituted by a three-step 
method that includes, in sequence, i) potentiostatic polarization (i.e., 
aging step), ii) open circuit potential monitoring (i.e., relaxation 
period), and iii) electrochemical impedance spectroscopy (EIS) measure. 
According to the ISO method, the sequence must be successfully 
repeated up to 6 times to confirm the good adhesion and the satisfactory 
protection of the coating. In this study, the cyclic protocol was repeated 
42 times, resulting in a much more severe aging condition that lasted for 
seven times longer than the period suggested by the standard procedure. 
The total duration of the accelerated test is approximately 7 days. The 
experimental details of the entire experimental protocol are as follows. 
After an initial equilibration period lasting two hours, during which the 
open circuit potential (OCP) was monitored, the natural aging period 
began. It lasts around 1 day and was obtained by repeating 13 times the 
following two-step protocol: i) OCP monitoring for one hour and ii) EIS 
investigation, by recording spectra at the established OCP by applying a 
10 mV (rms) amplitude sinusoidal perturbation signal with a frequency 

Fig. 2. Block diagram of the electrochemical protocol adopted to assess 
quantitatively the performance of the coatings towards the corrosion protection 
of metal specimens.
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scanned within the range 100 kHz − 10 mHz (ten points per decade, 
logarithmically distributed). Then, the accelerated aging period started, 
lasting one week. It includes: i) potentiostatic polarization, performed 
for 20 min by setting a potential of – 4 V vs. AgCl/Ag (double the 
minimum potential reported in the ISO method); ii) OCP of the relaxing 
system, monitored for 3 h after the end of the polarization step; iii) EIS 
spectra, recorded as described above.

3. Results and Discussion

3.1. 10,16-diHHDA extraction and preliminary screening of bio-based 
epoxy resins

The trifunctional monomer 10,16-diHHDA was obtained with an 
average purity of 92 wt% and recovery efficiency of 67 % through the 
depolymerization of cutin present in tomato peels discarded by the 
canning industry. This is the best performance reported in the literature 
(Table S1). As our previous studies stated [12,16], the highly pure bio- 
derived 10,16-diHHDA is a waxy solid, stable in air at room temperature 
and without any unpleasant odor. All these features made the monomer 
handling and storage easy and user-friendly. Moreover, the high purity 
of the cutin monomer enabled the successful curing of 10,16-diHHDA 
with epoxidized precursors for the first time, excluding any synergistic 
effect from the components co-present in the previously reported tomato 
extracts [18,19].

To explore the effect of using the tomato cutin monomer as a curing 
agent of epoxy coatings, several bio-based coating formulations were 
prepared in a preliminary phase of this study, combining 10,16-diHHDA 
with different epoxy resins obtainable from renewable sources, such as 
NC-547 that is an epoxidized cardanol-based resin, EX-622 that is a 
sorbitol-derived epoxy resin, and PHTE that is a phloroglucinol tris 
epoxy resin. The fully bio-based coatings were cured and compared to a 
reference fossil-based coating obtained from curing DGEBA resin with 
HMPA, used as a benchmark. Other possible comparisons with coating 
references obtained by combining DGEBA with 10,16-diHHDA and bio- 
based epoxidized resins with HMPA were unfeasible due to the solubility 
issues of reactants. Among the many variables influencing a metal 
protective coating, glass transition temperature (Tg) is a key property 
that can be easily determined experimentally. Effective coatings should 
have a Tg higher than the temperature at which they can be exposed in 
operating conditions, e.g. at least higher than room temperature.

The glass transition temperature values of the newly developed bio- 
based crosslinked coatings were assessed using DSC profiles and are 
listed in Table 1. In this preliminary screening, the stoichiometric ratio 
between epoxy groups and hydrogen active nucleophiles (–XH), i.e., 
–OH and –COOH, of curing agents, was kept equal to 1:1 as well as the 
concentration of 2-methylimidazole was fixed at 3 mol% to catalyze the 
reaction. Different curing conditions were used due to the diverse 
chemical nature of the resins.

Cardanol-based NC-547 coating showed a glass transition tempera
ture lower than the others, and the sorbitol-based EX-622 coating 
exhibited a Tg still lower than room temperature. Only the coating with 
PHTE showed a glass transition temperature comparable to room tem
perature but still too low for any practical application as protective 

coatings. For this reason, PHTE was selected as the most promising bio- 
based epoxy resin for further development tests aiming at increasing Tg 
and approaching the Tg values of DGEBA-based coatings used as a 
benchmark.

3.2. Effect of epoxy resin/X–H molar ratio and catalyst concentration on 
crosslinking degree and glass transition temperature

In the presence of 2-methylimidazole, the –COOH groups of 10,16- 
diHHDA can be esterified by their reaction with epoxy groups, form
ing a secondary –OH group. Also, the primary and secondary –OH 
groups of 10,16-diHHDA can be etherified by their reaction with epoxy 
groups, producing other secondary OH groups. These secondary –OH 
groups formed can further react with other epoxy groups producing 
branches and ramifications [46]. To obtain densely crosslinked coatings 
with high Tg values and corrosion metal protection, the reaction of 
secondary OH groups was exploited to increase the number of cross
linking points in newly developed bio-based coatings. For this reason, 
the effect of an increased epoxy/curing active groups ratio on the Tg 
coatings was studied and various compositions based on PHTE were 
investigated, varying the molar ratio between reactive groups and the 
catalyst percentage, to increase the Tg and anti-corrosion properties of 
the cured PHTE-based coatings. The epoxy group:X–H ratio was pro
gressively increased from 1:1 to 8:1, while the catalyst percentage varied 
from 3 and 10 mol.%, in the case of the 2:1 ratio, and from 3 to 5 mol% 
in the case of the 4:1 and 5:1 ratios. From here on, samples will be 
referred to as AB_x:y_z, where A identifies the epoxy resin (P for PHTE; D 
for DGEBA used as petrol-based reference), B represents the curing agent 
(C for 10,16-diHHDA; M for HMPA), x:y defines the epoxy group:X–H 
ratio and z corresponds to the catalyst concentrations (in mol.%). For 
example, the coating made of PHTE and 10,16-diHHDA with an epoxy 
group:X–H ratio of 2 and 3 mol.% of catalyst is named PC_2:1_3. The 
results in terms of glass transition temperatures and crosslinking de
grees, determined by DSC analyses and gel content measurements, 
respectively, are listed in Table 2. As mentioned in section 2.3, the 
second heating ramp was considered for Tg evaluations, because the first 
ramp has the purpose of erasing the previous thermal history. Table 2
shows that Tg values of coatings cured with the lower amount of catalyst 
(3 mol%) increased by increasing the epoxy group:X–H ratio, up to the 
5:1 ratio formulation reaching an average value of 77 ◦C.

Increasing the catalyst amount from 3 to 5 mol% consistently 
increased Tg, while maintaining a constant relative amount of epoxy vs. 
curing agent. A further rise in the catalyst (10 mol%) did not produce 
any additional improvement in Tg. The Tg increment is more evident by 
increasing the percentage of epoxy resin, with the 4:1 and 5:1 formu
lations with 5 mol% of catalyst, exceeding the threshold of 100 ◦C. 

Table 1 
Glass transition temperature, Tg, compositions of the liquid mixture, and curing 
conditions employed for preparing the fully bio-based coatings and reference 
fossil-based coating developed during the preliminary screening. In all cases, a 3 
mol.% constant concentration of 2-methylimidazole was used as a catalyst.

Resin Curing agent Epoxy: X–H 
molar ratio

Curing conditions Tg (◦C)

NC-547 10,16-diHHDA 1:1 6 h, 180 ◦C − 5 ± 2
EX-622 10,16-diHHDA 4 h, 150 ◦C 6 ± 2
PHTE 10,16-diHHDA 2 h, 150 ◦C 25 ± 10
DGEBA HMPA 1 h, 120 ◦C 130 ± 1

Table 2 
Glass transition temperatures, Tg evaluated from DSC ramps and gel content (Gc) 
for the reference petrol-based coating with DGEBA (D) and HMPA (M) and the 
different fully bio-based PHTE-containing coatings, as a function of the 
formulation.

Sample Epoxy group:X–H 
ratio

Catalyst 
conc. 
(% mol.)

Tg 

(◦C)
Gel content 
(Gc) 
(%)

DM_1:1 1:1 3 130 ± 1 93 ± 2
PC_1:1_3 1:1 3 25 ± 10 96 ± 1
PC_2:1_3 2:1 3 35 ± 4 97 ± 2
PC_2:1_5 2:1 5 78 ± 8 96 ± 3
PC_2:1_10 2:1 10 55 ± 4 97 ± 2
PC_4:1_3 4:1 3 59 ± 11 98 ± 1
PC_4:1_5 4:1 5 104 ±

12
98 ± 1

PC_5:1_3 5:1 3 77 ± 12 99 ± 1
PC_5:1_5 5:1 5 104 ± 9 99 ± 1
PC_6:1_3 6:1 3 74 ± 2 99 ± 1
PC_8:1_3 8:1 3 47 ± 2 99 ± 1
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Compared to the petrol-based DM_1:1 coating, all bio-based samples still 
have lower Tg values. However, an improvement is evident for samples 
PC_4:1_5 and PC_5:1_5, reaching a value of just 10–15 ◦C lower than the 
reference BPA-containing resin.

The cross-linking degree estimated by gel content measurements was 
high in all PHTE samples with no significant effect of the catalyst 
amount and the epoxy resin/curing agent ratio on the selected materials. 
This finding indicates that all formulations ensured a complete reaction 
of the reactive species.

Results presented in Table 2 were used to select a restricted ensemble 
of samples that were further characterized to elucidate correlations 
between the composition and properties of the thermosetting polymer. 
The effect of epoxy vs. curing agent was studied by selecting 2:1, 4:1, 
and 5:1 molar ratios, while the influence of catalyst concentration was 
analyzed by comparing PC_4:1_3 with the PC_4:1_5 sample. For the latter 
comparison, a 4:1 ratio was preferred to 5:1 because the PC_5:1_5 
sample, while exhibiting a high Tg, showed a too-high reactivity in the 
liquid formulation that could cause premature crosslinking before the 
deposition on the substrate.

3.3. FT-IR spectroscopy and thermal resistance of bio-based coatings

Fig. 3 shows the IR spectra of the selected materials, where the 
following peaks can be attributed to: –CH2 asymmetric and symmetric 
stretching vibrations (2862 and 2921 cm− 1, respectively); C=O 
stretching of ester groups at 1730 cm− 1, indicating the successful reac
tion of the epoxy resin with the carboxylic groups of 10,16-di HHDA; 
ring carbon–carbon stretching vibrations of aromatic rings at 1600 
cm− 1; asymmetrical stretching vibration of aryl alkyl ether (C-O-C) 
peaks between 1294 and 1182 cm− 1; and ring vibrations of residual 
epoxy groups (908 cm− 1 and 768 cm− 1, Fig. 2b) [47]. The peaks in the 
range 3100–3700 cm− 1 can be attributed to unreacted –OH groups, 
probably due to the poor mobility of hydroxyl groups in the PHTE resin 
backbone. The coating with 5 % mol. of catalyst (PC_4:1_5) exhibited no 
peaks at 908 cm− 1 denoting the absence of unreacted epoxy groups in 
this sample, despite their excess in the resin. The absence of IR ab
sorption can be due to their reaction of epoxy groups with 2-methylimi
dazole introduced with a higher amount in this sample [48].

To assess the thermal resistance of the newly developed crosslinked 
materials, TGA analyses were performed, and Fig. 4 shows the TGA re
sults obtained using both an atmosphere of nitrogen and air.

All the crosslinked materials appeared significantly more stable than 
the 10,16-diHHDA monomer itself. Higher degradation temperatures 
achieved for coatings suggest that a polycondensation reaction between 
–OH and –COOH groups of the cutin monomer may take place in 10,16- 
diHHDA sample because the initial loss of 10,16-diHHDA weight, 
noticed from 150 ◦C to 350 ◦C, was probably due to water loss induced 

by polycondensation and this could no longer happen when –OH and 
–COOH groups have reacted with PHTE. All the crosslinked samples 
followed a similar degradation pattern, with a decomposition temper
ature at 5 % of weight loss (T5%) of around 340 ◦C in air and 345 ◦C in 
nitrogen atmosphere. The main degradation temperature, where losses 
of 10 % and 30 % occurred, was around 354 ◦C and 378 ◦C in air and 
nitrogen atmosphere, respectively. Under the nitrogen atmosphere, only 
one major degradation phenomenon took place with a high charring 
residue of around 30–35 % of the initial mass (Fig. 4a). This was prob
ably due to the PHTE trifunctionality, which can theoretically increase 
the coating crosslinking density when compared to DGEBA and thus 
reduce the possibility of producing volatile fragments during the ther
mal decomposition process [49,50]. Also, compared to bio-based coat
ings, the DGEBA-based sample showed a higher total weight loss of 
nearly 10 % and a weakly higher thermal resistance, likely due to higher 
thermal resistance of the cycloaliphatic HMPA used as a curing agent for 
DGEBA. PC_2:1_3 material with a higher amount of cutin monomer 
showed a total weight loss slightly higher than the other cutin-based 
materials and lower than 10,16-diHHDA. This could indicate that the 
presence of PHTE significantly enhanced the thermal stability of the 
material. On the other hand, no final residue was observed in an 
oxidative atmosphere for materials under investigation, due to the 
occurrence of a complete degradation in air. Two main degradation 
temperatures of about 366 ◦C and 580 ◦C were noticed, with a corre
sponding weight loss of 55 % and 43 %, respectively (Fig. 4b).

3.4. Wettability and surface energy analysis of bio-based coatings

The surface wettability of the newly developed coatings was deter
mined by measuring the optical contact angles using water and diio
domethane as wetting liquids, as depicted in Fig. 5. The contact angle 
measurements were employed to determine the total surface energies 
and their corresponding dispersive and polar components (Table 3).

Fig. 5 shows that all the coatings can be considered hydrophobic, 
with an average contact angle with water slightly higher than 90◦. The 
left and right angles were similar for all the samples, as shown for 
example for PC_5:1_3 in Figure S1. Comparable values of contact angles 
were measured on aluminum substrates (Figure S2). Moreover, all bio- 
based coatings exhibited a more hydrophobic behavior than the 
petrol-based DM_1:1, especially using steel as a substrate, probably due 
to the presence of the long aliphatic linear chain of 10,16-diHHDA that 
increased dispersive and apolar interactions. Contact angle values were 
used for determining surface energies of the selected coatings on steel 
and aluminum, by employing the OWRK method (Table 3 and Table S2). 
The surface energies of all coatings are around 35 mN/m, and the 
dispersive components are significantly higher than the polar ones. 
These low values for surface energy polar components indicate a 

Fig. 3. (a) Full-range and (b) selected-range FTIR spectra of the crosslinked materials obtained with different epoxy: H active nucleophile ratios obtained from PHTE 
(P) and 10,16-diHHDA (C) and with different percentages of 2-methyimidazole as a catalyst (3% and 5% mol.).
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repulsion of the coating surface towards polar liquids. This could be 
beneficial for reducing the water penetration inside coatings and 
enhancing corrosion resistance.

3.5. Mechanical and technological properties of bio-based coatings

To assess the mechanical properties of the selected coatings which 
are not self-standing films and were deposited on steel and aluminum 
substrates, Young’s moduli were measured by AFM nanoscale indenta
tion tests by employing the Sneddon model, as explained in Section 2.3. 
Moreover, coating hardness and adhesion strength were respectively 
determined by technological pencil tests and pull-off tests. The results 
are listed in Table 4.

Table 4 shows that the elastic modulus did not appear to be affected 
by the amount of 10,16-diHHDA present in the coatings. An average 
elastic modulus of approximately 3.0–3.5 GPa for all coatings was ob
tained except for PC_5:1_3, which showed a significantly lower value. 
However, similar values of 2–3 GPa were found for conventional filler- 
free coatings obtained by curing petrol-based epoxy resins [51] and the 
inhomogeneity in the modulus could be due to measurement AFM ar
tifacts, caused by some variations in the tip–sample contact area [52].

Regarding the levels of coating hardness, the results of pencil scratch 
tests (Table 4) reveal a difference among the four coatings examined in 
this paper. An increase of epoxy:X–H molar ratio led to an increase in 
hardness till a maximum of 3H, obtained for both PC_4:1_3 and PC_5:1_3 
cured with a 3 % mol. of catalyst. This hardness level can be further 
improved by increasing the percentage of catalyst from 3 % to 5 % mol., 
as confirmed by PC_4:1_5 with a higher hardness level of 5H. This in
crease in hardness can be due to the reaction of 2-methylimidazole with 
the epoxy groups of the resin (see also spectra evidence in section 3.3), 
stiffening it. Since the heterocycle is monofunctional, it will only lead to 
stiffening of the coating due to its rigid structure. In this case, 2- 

Fig. 4. Thermogravimetric analysis of samples with different molar ratios between epoxy groups and H active nucleophiles obtained from PHTE (P) and 10,16- 
diHHDA (C) and with different weight percent of 2-methyimidazole as catalyst (3% and 5% mol.), reference petrol-based sample obtained with DGEBA (D) and 
HMPA (M) and pure 10,16-diHHDA, under a nitrogen atmosphere (a) and air (b).

Fig. 5. Optical contact angle values measured using water (light colors) and 
diiodomethane (dark colors) as wetting liquids for cutin-based coatings 
deposited on steel substrates and obtained with different epoxy:X–H molar 
ratios obtained from PHTE (P) and 10,16-diHHDA (C) and with different molar 
percentages of the catalyst (3% and 5% mol.), reference petrol-based sample 
obtained with DGEBA (D) and HMPA (M).

Table 3 
Values of total surface energies (γ), with their dispersive (γd) and polar (γp) 
components, according to the Owens-Wendt-Rabel-Kaelble (OWRK) method, for 
petrol-based reference and cutin-based coatings deposited on steel substrates 
and obtained with different epoxy:X–H molar ratios and with different molar 
percentages of catalyst.

Coating γ 
(mN/m)

γd 

(mN/m)
γp 

(mN/m)

DM_1:1 42.2 36.9 5.3
PC_2:1_3 35.1 34.1 1.0
PC_4:1_3 34.1 32.9 1.2
PC_4:1_5 34.4 33.8 0.6
PC_5:1_3 33.5 31.6 1.9

Table 4 
Young’s modulus from force-distance curves performed by AFM, average results 
of pencil hardness tests performed on the materials deposited on steel, and 
aluminum, and pull-off strengths measured for cutin-based coatings deposited 
on steel and aluminum substrates and obtained with different epoxy:X–H molar 
ratios and with different molar percentages of catalyst.

Thickness 
(μm)

Young’s 
modulus 
(GPa)

Pencil 
hardness

Pull-off Strength 
(MPa)

Substrate Steel and Aluminum Steel Aluminum

PC_2:1_3 204 ± 18 3.3 ± 1.4 HB 1.1 ±
0.3

0.8 ± 0.1

PC_4:1_3 209 ± 19 3.2 ± 0.5 2H − 3H 1.0 ±
0.1

0.6 ± 0.1

PC_4:1_5 243 ± 28 3.8 ± 0.4 4H – 5H 1.4 ±
0.1

1.2 ± 0.2

PC_5:1_3 248 ± 34 1.4 ± 0.2 3H 1.3 ±
0.1

1.1 ± 0.1
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methylimidazole at higher concentrations not only acted as a catalyst, 
but also as a substrate, leading to a more rigid and stiff coating.

The pull-off strength values in Table 4 revealed a fairly good adhe
sion of the coatings under investigation, both on aluminum and steel 
substrates. By comparing the cutin-based coatings, an increase in the 
molar ratio appeared to cause an improvement in adhesion. An excess of 
epoxy and hydroxyl groups in coatings with high molar ratios, free to 
react and bond with the substrate, could contribute to improving 
adhesion. Also, an increase in catalyst percentage is beneficial to 
enhance the adhesion both towards steel and aluminum substrates. In 
any case, the adhesion can be further increased using either a primer or a 
substrate silanization pretreatment in future industrial applications.

A yellowing-reddish color was observed for all the bio-based coatings 
with slight color differences caused by different thicknesses (Figure S3 
and S4), although the average thickness of the examined coatings is 
around 220 μm (Table 4).

3.6. Electrochemical characterization of coatings

Electrochemical investigation of coated conducting substrates is a 
valuable way to obtain quantitative information on the barrier effect 
towards the penetration of electrolyte solutions within a cured resin or 
paint, also in a time-resolved manner. The protection performance of 
insulating coatings can be obtained in operando conditions, by simply 
placing the coated specimen in contact with a solution that mimics the 
real exposure environment.

3.6.1. Corrosion protection performance
Electrochemical impedance spectroscopy (EIS) is a technique largely 

employed in the characterization of coated metals and alloys as it pro
vides information not only on the occurrence of corrosion but also on 
key features of the coatings. Fig. 6 shows the Bode modulus plot with the 
spectra of the selected phloroglucinol-based coatings (PC_2:1_3; 
PC_4:1_3 and PC_4:1_5; PC_5:1_3) together with that of the pristine, 
uncoated steel plate and of the benchmark coated sample (DM_1:1). 
Impedance spectra were recorded after 3 h of immersion in the test so
lution electrolyte, a time sufficient to reach a steady-state condition as 
judged from the open circuit potential (OCP) curves (Figure S5).

The spectra of all samples showed a one-time constant process, with 
a characteristic time shorter for the uncovered sample. The impedance 
modulus spectrum of the bare steel looks different from that of any 
covered sample. It has a relatively flat section in the high and middle- 
high frequency region (a few tens of ohms, due to the uncompensated 
resistance of the electrolytic solution). This is followed by an increase in 
impedance modulus, indicating the occurrence of a faradic process at 

the metal|electrolyte interface (i.e., metal corrosion), which is charac
terized by a time constant of hundreds of milliseconds. On the contrary, 
the coated samples invariably show a predominantly capacitive 
behavior, due to the dielectric nature of the coatings, with neatly higher 
impedance values (tens of GΩ cm2 at the lower frequencies) and slower 
time constant (seconds scale) compared to those of the bare steel, 
pointing to an effective electrical insulation of metal surface by the 
polymer coating that acts as physical barrier towards electrolyte 
permeation. Among the bio-based formulations, coatings PC_4:1_5 and 
PC_5:1_3 exhibited better corrosion protection performance due to a 
more pronounced capacitive behavior (i.e., constant increase of |Z| ex
tends at lower frequencies) and higher values of the impedance modulus 
at the lowest frequency (i.e., |Z|0.01 Hz ca. 100 GΩ cm2). The metal| 
coating|electrolyte constitutes a quite dynamic system. The protective 
layer can change due to water uptake, diffusion of water and ions within 
the polymer matrix, and partial delamination of the coating. These 
processes can lead to localized corrosion. As the intensity and the speed 
of appearance of each of these detrimental processes are affected by the 
properties of the coating, it is essential to carry out their comparison by 
monitoring the systems over time, to obtain indications that can predict 
how the system will behave over a longer period and to identify any 
difference in behavior among the coatings.

The effect of natural aging on the coatings was assessed by recording, 
every hour, EIS spectra at OCP for around one day of exposure to the 
NaCl solution (Fig. 7).

To rationalize the behavior, each coating at every given soaking time 
was parametrized by many figures of merit selected from the ones pro
posed over the years to describe insulating coatings [53]. The parame
ters can be obtained either graphically, directly from the spectra (|Z|0.01 

Hz, breakpoint frequency (fb), breakdown frequency (fbd), the frequency 
at the minimum phase angle (fmin), Damage Function) [54], or by fitting 
each whole spectrum with an equation describing the impedance 
response of a proper equivalent electric circuit [55]. The latter, in the 
specific case, is constituted by a parallel connection of a resistor (Rp), 
accounting for the pore resistance of the coating (i.e., polarization 
resistance), and a constant phase element (CPE) from which the coating 
capacity (Ccoat) can be derived [56]. Looking at Fig. 7, the range of 
frequencies within which the system exhibits a resistive behavior (i.e., 
almost constant |Z| values and ca. 0◦ phase angle) invariably expanded 
for all cutin-derived coatings with the increase of the soak time. A lower 
variation was detected for the reference coating (Figure S7). Concur
rently, |Z|0.01 Hz and the related pore resistance Rp (being the solution 
resistance negligible) constantly decrease as well as Ccoat increases 
(Fig. 8). Both evidences point out the occurrence of solution uptake by 
the polymer layer that results in more ionically conductive channels and 
an increase of the apparent dielectric constant of the layer, considering 
that water has a significantly higher relative permittivity than that of the 
polymer (80 and ca. 4–8, respectively). By coating capacitance, evalu
ated at the beginning of the test (Ccoat,0) and at any subsequent residence 
time (Ccoat), the Brasher-Kingsbury equation: 

φ =
log

(
Ccoat/Ccoat,0

)

logε0
(3) 

where ε0 is the dielectric constant of water, allows to quantitatively 
estimate the amount and the rate of solution ingress within the layer 
through the volumetric water uptake (φ), which represents the per
centage of volume occupied by the solution within the polymer matrix 
(Fig. 8). It is important to highlight that these numbers have just a 
relative validity, as Ccoat,0 is not referred to the dry coating but to the 
first available data, recorded after 3 h of exposure to the solution during 
which solution could have already entered the polymer layer.

Water uptake constantly increases over time and the process is not 
significantly affected by the amount of curing agent or catalyst, in good 
agreement with the comparable contact angle, surface energy, and gel 
content values. For the sake of comparison, the petrol-based coating 

Fig. 6. Bode modulus plot of the phloroglucinol-based coatings. For the sake of 
comparison, petrol-based reference coating (DM_1:1) and bare steel are 
also reported.
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DM_1:1 shows lower values of Ccoat but a similar amount and rate of 
water uptake during the considered exposure time. Accordingly, 
notwithstanding the improved hydrophobicity compared to the refer
ence coating (Fig. 5), due to the aliphatic chain of the cutin monomer, its 
length could determine a bigger free volume among the crosslinked 
chains that can be easily filled by the solution during the exposure time. 
Relative volumetric water uptake after one day of exposure is below 5 % 
and, considering that no corrosion phenomenon is observable by the 
spectrum in any coatings, the solution reached only the outermost layer. 
Interestingly, PC_2:1_3 shows quite different behavior. Coating capaci
tance, and water uptake, show a first fast increase, up to around 8 h of 
immersion, followed by an evident decrease. This unique peak-shape 
trend could be explained by a more pronounced swelling phenomenon 
induced by water penetration that causes an increase in the apparent 

volume (and thickness) of the coating and hence a decrease of the 
detected capacitance and the related volumetric water uptake.

3.6.2. Corrosion protection performance under accelerated aging
Over time coatings undergo deterioration processes that lead to a 

progressive loss of their protection performance (e.g., deeper water 
penetration, detachment by the substrate). As the process often requires 
months or years before being observed, over time various protocols have 
been proposed to speed up the natural aging process of coatings to 
quickly obtain valuable predicting information on the long-term sta
bility of coatings. One of these aging methods, based on instrumental 
analyses that can provide quantitative comparative data, has been stated 
as Accelerated Cyclic Electrochemical Technique (ACET). It was first 
proposed in the scientific literature [57,58] and then validated as a 

Fig. 7. Representative Bode modulus (left Y-axes) and Bode phase (right Y-axes) plots depicting the time evolution of the EIS spectra for the phloroglucinol-based 
coatings over 23 h of soaking into the working solution. Time resolution: 1 h. Arrows represent the time evolution of the spectra. For the sake of clarity, spectra have 
been gently smoothed. Raw spectra are shown in Figure S6 for completeness.

Fig. 8. Left: pore resistance (Rp) and right: relative volumetric water uptake (φ; full circles) and coating capacitance (Ccoat; empty squares). Data are derived by EIS 
spectra recorded during the natural aging stage for the bio-based and reference coatings.
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standard control technique, coded as ISO 17463 [59]. The accelerated 
aging process is induced by stressing the organic coating using a 
cathodic polarization that triggers a hydrogen evolution reaction to 
occur at the wet metal surface reached by the solution possibly perme
ated through the polymer layer. The mechanical action of the electro
generated gas bubbles, combined with pH change, can speed up the 
detachment of the coating from the substrate failing metal corrosion 
protection. Even if the trends of polarization currents, together with 
those of the open circuit potentials recorded during the relaxation stage 
of each ACET cycle, could provide qualitative information to evaluate 
the performance of the coating, the most valuable and quantitative in
formation could be obtained by the analysis of EIS spectra.

The performance of all four bio-based coatings proves to be satis
factory under stressful conditions, showing pore resistance (Rp) 
exceeding 1 GΩ cm2 after one week of accelerated aging testing. 
Notably, this key performance indicator is higher than those of similar 
bio-derived coatings previously documented in the literature (Table S3). 
It is important to emphasize that the referenced literature data were 
obtained in natural aging conditions rather than the highly demanding 
conditions associated with the accelerated aging test conducted in this 
study. Even under less demanding conditions, analogous bio-based 
coatings consistently exhibited lower pore resistance, ranging from a 
few kΩ cm2 to 500 MΩ cm2. Moreover, the latter value was obtained 
with a “mixed type” coating, with only one component of the formula
tion being bio-derived [18]. Furthermore, a comprehensive and detailed 
compendium of sustainable coatings and their corresponding perfor
mance metrics has been recently published [60].

Even if a benchmark threshold value for the identification of effec
tive protecting coatings has not been defined yet, values of pore resis
tance (Rp) at least equal to 106–107 Ω cm2 can be found in the literature 
[53,61]. In the present work, we decided to empirically set an even 
higher threshold equal to 109 Ω cm2 [59]. While at the beginning of the 
test, all the cured coatings neatly overcome the set threshold, already at 
the end of the ca.1-day natural aging sample PC_2:1_3 does not 
completely satisfy the reference value. After the threshold of six cycles, 
according to ISO 17463, EIS reveals good preservation of the protection 
performance for all the remaining coatings, with pore resistance higher 
than 1 GΩ cm2 (Fig. 9). On the contrary, sample PC_2:1_3 exhibits a 
further but slight decrease of resistance, reaching a value around 0.2 GΩ 
cm2.

For all tested coatings, the film capacitance is around 100 pF cm− 2 

with a relative water uptake below 6 % (Fig. 9), both evaluated at the 
end of the 6-cycle ACET run. No significant variation was detected when 
compared to the values at the end of the natural aging step. Interest
ingly, the growth rate of all figures of merit is significantly smoothed 
than that recorded for the first 24 h of immersion at open circuit con
ditions, evidencing good robustness of the coatings to the accelerated 
aging (Figure S8). This is even more relevant considering that samples 
were subjected to a more extreme cathodic polarization than the mini
mum one suggested by the standard ISO procedure (i.e., –4 V vs AgCl/Ag 
with respect to –2V), which means a higher electric field for the 
migration of solvated ions and higher energy for triggering the elec
troreduction reaction.

The accelerated aging process was exacerbated by reaching a seven- 
time longer aging period (42 cycles, lasting 7 days) before evaluating the 
final protection performance of the novel bio-based corrosion protective 
coatings (Fig. 9 and Figure S9). During this extra period, the control 
parameters reached soon almost stationary values or showed a slight 
reduction over time. In any case, no abrupt changes were detected, thus 
excluding the occurrence of one or more critical sudden deterioration 
processes of the coatings even during a 7 times longer accelerated aging 
period (Figure S8). The relative ranking among novel coatings did not 
change even after one week of accelerated test, with PC_5:1_3 and 
PC_4:1_5 being the most performing bio-based formulations with Rp 
around 1 GΩ cm2 (Fig. 9).

4. Conclusions

In this work, 10,16-diHHDA was obtained with an average purity of 
92 wt% and a recovery efficiency of 67 %, higher than those reported in 
the literature. Moreover, this study presents the first demonstration of 
epoxy resins successfully cured with the highly pure cutin monomer. A 
fine-tuning of bio-based epoxy coating formulations was performed by 

Fig. 9. Comparison of the figure of merits for coated samples at representative 
times: starting, end of natural aging period, end of classical ACET (6 cycles), 
end of long ACET (42 cycles).

R. Suriano et al.                                                                                                                                                                                                                                 European Polymer Journal 223 (2025) 113629 

11 



introducing a required amount of curing agent over epoxy reactive units 
of the precursors. For the phloroglucinol epoxy coatings series, an in
crease in the molar epoxy/X–H ratio (up to 5:1) resulted in higher Tg 
values, corresponding to a higher conversion of crosslinking reaction. A 
higher percentage of catalyst (i.e., 5 mol%) was also found beneficial in 
raising the Tg to an average of 104 ◦C. The increase in crosslinking 
conversion and Tg resulted in a noticeable improvement in the coating’s 
hardness and adhesion strength. The latter properties are probably due 
to a higher content of stiff and aromatic segments in the coatings, 
strengthening the interactions with metallic substrates.

Subjected to a long-lasting accelerated electrochemical aging test, 
phloroglucinol-based resins with a molar epoxy/X–H ratio of 4 and 5 
and with a 5 % and 3 % mol. catalyst concentration, respectively, (i.e. 
PC_5:1_3 and PC_4:1_5) showed excellent performance in terms of water 
barrier and corrosion protection, by neatly outperforming similar bio- 
based coatings reported in the literature. The formulations demon
strated high pore resistance (≥1 GΩ cm2), low capacitance (<100 pF 
cm− 2), and low volumetric water uptake (<5 %). In similar stress con
ditions, the petrol-based benchmark exhibited a pore resistance one 
order of magnitude higher, suggesting a slower deterioration over time. 
However, there was no significant difference in relative water uptake for 
the best-performing cutin-derived coatings, especially extrapolating the 
future trend by the almost linear behavior detected during the long- 
lasting ACET aging test.

All these findings demonstrate that the cutin monomer 10,16- 
diHHDA can be successfully crosslinked with other resins, excluding 
the curing to be affected by any synergistic effects by compounds 
invariably co-present in the mixtures previously reported in analogous 
literature studies. Along with our previous papers, this work therefore 
highlights the potential of tomato peels as a secondary source of dihydro 
aliphatic carboxylic acid, acting as a versatile curing agent for bio-based 
organic coatings. Also, the newly developed bio-derived coatings are a 
good alternative to commercially available petrol-based counterparts, 
especially those containing harmful bisphenol A.
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