POLITECNICO DI TORINO
Repository ISTITUZIONALE

Microwave-functionalized natural tannic acid as an anticorrosive UV-curable coating

Original

Microwave-functionalized natural tannic acid as an anticorrosive UV-curable coating / Sesia, Rossella; Pou | Rodriguez,
Paula; Calovi, Massimo; Hakkarainen, Minna; Rossi, Stefano; Ferraris, Sara; Spriano, Silvia; Sangermano, Marco. - In:
POLYMER. - ISSN 0032-3861. - ELETTRONICO. - 315:(2024). [10.1016/j.polymer.2024.127824]

Availability:
This version is available at: 11583/2994488 since: 2024-11-18T07:17:17Z

Publisher:
Elsevier

Published
DOI:10.1016/j.polymer.2024.127824

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

25 April 2026



Polymer 315 (2024) 127824

Contents lists available at ScienceDirect

POLYMER

Polymer

FI. SEVIER

journal homepage: www.elsevier.com/locate/polymer

Microwave-functionalized natural tannic acid as an anticorrosive
UV-curable coating

Rossella Sesia”, Paula Pou I Rodriguez ©, Massimo Calovi”, Minna Hakkarainen ©,
Stefano Rossi ", Sara Ferraris®, Silvia Spriano ?, Marco Sangermano **
& Department of Applied Science and Technology, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129, Torino, Italy

b Department of Industrial Engineering, Universita di Trento, Via Sommarive 9, 38123, Trento, Italy
¢ Department of Fibre and Polymer Technology, KTH Royal Institute of Technology, Teknikringen 56-58, SE-100 44, Stockholm, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Tannic acid

Microwave-assisted methacrylation
Photopolymerization

Anticorrosive coating

Corrosion causes serious steel deterioration with consequent negative impacts on the environment and economy.
Organic coatings are widely exploited to provide corrosion protection on low-carbon steel. However, the raw
materials and preparation methods for common anticorrosive coatings are not sustainable. In this framework, the
efficient microwave-assisted methacrylation of a natural polyphenolic compound, tannic acid (TA), provided a
UV-curable monomer with a high degree of substitution. The produced methacrylated tannic acid (MTA) was
characterized by means of 3'P NMR and FTIR spectroscopies. The UV-curing of MTA by radical photo-
polymerization was deeply investigated via the real-time FTIR, photo-DSC, and photo-rheological analyses,
confirming the high photo-reactivity of MTA with a conversion of 80 % and a gel point at 2.5 s. The UV-cured
MTA showed good thermal stability and a glass transition temperature (Tg) of 133 °C. Furthermore, UV-cured
MTA coating exhibited high hardness and hydrophobicity. The zeta potential measurement indicated a nega-
tively charged surface with an isoelectric point (IEP) at pH 2.7. Finally, the good corrosion protection perfor-
mance of UV-cured MTA coating on plasma pre-treated steel surface was assessed through electrochemical

impedance spectroscopy.

1. Introduction

Low alloy steel is the most extensively used structural material in a
wide range of areas, including automotive, open-air structures, and in-
dustrial pipes, thanks to its affordable price and good mechanical
qualities [1,2]. However, the phenomenon of corrosion, to which steel is
particularly susceptible, leads to serious drawbacks, such as the loss of
productivity, safety concerns, and environmental impacts due to COy
emissions associated with steelmaking for the replacement of corroded
structures [3,4]. Moreover, the economic impact of corrosion is signif-
icant [5]. Thus, numerous strategies are investigated to reduce steel
corrosion, from corrosion inhibitors to organic or inorganic coatings
[6-8]. The market value of corrosion protection is projected to rapidly
grow from $ 13.5 billion in 2020 to $ 20 billion by 2027 [9].

Organic protective coatings are a successful and widely used method
to prevent corrosion on metallic surfaces in different critical working
scenarios. The coating functions as a protective barrier between the steel
and the environment providing high resistance to ionic movement [10].
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Several types of coatings and application techniques have been proposed
in the scientific literature and are industrially used [11-14]. Neverthe-
less, non-renewable and oil-derived chemicals are commonly exploited
in processes of anticorrosive coating production [15], increasing the
concern about environmental impacts. Hence, the development of sus-
tainable coatings from renewable sources following the green chemistry
principles is an urgent need [16]. Bio-based monomers derived from
plants and agro-food waste, especially vegetable oils, have been rec-
ommended as potential alternatives [16-23].

Among natural sources, the interest in natural polyphenolic com-
pounds is rising due to their availability, ease of extraction at reduced
costs, non-toxicity, biodegradability, anti-microbial and anti-oxidant
actions, low cost, and high affinity for metallic surfaces [24,25]. Poly-
phenols include a wide range of natural and ubiquitous molecules in the
plant world, and tannins are the most investigated polyphenols in the
corrosion protection field [6,24]. Indeed, tannins’ ability to scavenge
oxygen radicals can be exploited to form corrosion protection films on
steel surfaces by means of coordination with iron [6,26,27]. The use of
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tannin as the main active component of anticorrosive coatings has,
however, been less investigated. Moreover, due to the hydrophilic na-
ture of tannins, their direct application as resin components for coating
production can be limited. Hence, as some works already demonstrated,
functionalization of phenolic moieties is necessary [28,29]. Wang et al.
evaluated the corrosion protection performance of a coating modified
with tannin [29]. They acrylated tannic acid (Fig. 1) with glycidyl
methacrylate via traditional thermal procedure, which involves long
reaction times. Afterwards, the acrylated tannin was extracted with an
organic solvent and then introduced as an additive into a commercial
petroleum-based bisphenol A epoxy acrylate resin [29]. There is a great
interest to increase both the greenness of the production process and the
biobased content of the coating.

In accordance with the green chemistry principles and sustainability
framework, microwave irradiation is a cost-effective and eco-friendly
alternative to conventional thermal and solvent-based functionaliza-
tion techniques. Indeed, the modification of natural phenolic com-
pounds via traditional thermal approach typically requires a solvent and
catalyst, and the reaction duration can vary from 24 to 72 h to ensure
effective functionalization [30-34]. Microwave-assisted processes
enable more efficient energy transfer and ensure fast, volumetric, and
selective heating by means of excitation of polar molecules. Further-
more, higher yields and improved purity of the products are achieved
through microwave irradiation [35]. The successful microwave-assisted
functionalization of phenolic moieties has been reported in the litera-
ture. Yao et al. and Truncali et al. achieved high yields of functionalized
lignin with a high degree of substitution via microwave irradiation
[36-38]. Moreover, gallic acid, a polyphenolic compound, was effec-
tively methacrylated through a solvent-free and catalyst-free micro-
wave-assisted technique with a yield of 90 % [39].

This research work aimed to use the microwave-assisted meth-
acrylation reaction for the rapid production of a methacrylated tannic
acid-based monomer suitable for the production of anticorrosive coat-
ings. No previous studies report the use of tannic acid as the main active
component to enable anticorrosive coating formulations with high bio-
based content. Moreover, the second aim was to use photo-
polymerization for coating low-carbon steel, because it is a sustainable
and safe crosslinking method, as it ensures fast curing speed, energy
saving, and no emissions of volatile organic compounds (VOCs) [23,40].
Lastly, air plasma was used as a pre-treatment on the low-carbon steel
surface because it is more sustainable and safe contrary to the traditional

Fig. 1. Tannic acid chemical structure.
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steel pre-treatments [19,41,42]. The corrosion protection performance
of the proposed UV-cured natural polyphenol-based coating was eval-
uated through electrochemical tests.

2. Experimental
2.1. Materials

The extract of tara Tan’Active T80 (TA) from Caesalpina spinosa was
supplied by Silvateam (San Michele Mondovi, Cuneo, Italy). It consists
of 100 % gallic tannins with a tannic acid content >90 %. Methacrylic
anhydride (94 %, inhibited with 2.000 ppm topanol A) and phenylbis
(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) were purchased from
Sigma Aldrich. Chromium(III) 2,4-pentanedionate (Cr(acac)s, 97 %), 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 95 %),
pyridine (anhydrous, 99.8 %), chloroform (>99.8 %, with 0.5-1.0 % of
ethanol as stabilizer), acetone (>99.5 %), sodium carbonate (Na;COs3),
Folin-Ciocalteu phenol reagent 2 M (F&C reagent), hydrochloric acid
(HCl, 37 %), sodium hydroxide (NaOH, >97 %), potassium chloride
(KCl, >99 %) and sodium chloride (NaCl >99 %) were also obtained
from Sigma Aldrich. N-Hydroxy-5-norbornene-2,3-dicarboxylic acid
imide (NHND, >99.0 %) was purchased from Tokyo Chemical Industry,
and chloroform-d (99.8 %) from Cambridge Isotope Laboratories. The
measuring liquid for the contact angle analysis was Water (ROMIL-
SpS™ Super Purity Solvents) from ROMIL. All chemicals were used as
received without further purification.

Q-PANEL® standard test substrates (ASTM A1008 [43], low-carbon
steel, 0.51 mm thick, Q-Lab) were used and cut into 20 mm x 20 mm
pieces. The chemical composition of these materials is (wt%): <0.15 C,
<0.60 Mn, <0.03 P, <0.035 S, and bal. Fe.

2.2. Microwave-assisted methacrylation reaction of TA

Tannic acid (TA) was methacrylated in a microwave reactor,
following a previous procedure [39], which was adapted from prior
works [36,44]. The high-pressure Teflon vessel was filled with TA and
methacrylic anhydride (MA) at a weight ratio of 1:5 TA to MA. After a
thorough mixing, the vessel was subjected to microwave waves (flex-
iWAVE MA186-001 microwave) for isothermal heating at 130 °C for 10
min. A ramp time of 5 min and a maximum power of 1200 W were
settled. Subsequently, room temperature was achieved with a cooling
time of 10 min. Thereafter, to precipitate the methacrylated tannic acid
(MTA), the vessel content was poured into distilled water. The resulting
suspension was stirred for 24 h at room temperature followed by vac-
uum filtration. During the vacuum filtration, the product was washed
with distilled water several times to remove the unreacted anhydride
and acid by-product. Finally, after vacuum drying at room temperature
for at least 48 h, the brownish and viscous liquid product of MTA was
obtained.

2.3. Characterization methods

2.3.1. Nuclear magnetic resonance (NMR) spectroscopy

The quantitative analysis of tannin OH groups before and after the
microwave-assisted functionalization was performed via Phosphorus
nuclear magnetic resonance ('P NMR) spectroscopy according to a
previously described protocol [45]. Due to the complexity of tannins
structure and their low solubility in organic solvents, >'P NMR analysis
is an advantageous approach to quantify and differentiate OH groups.
Therefore, a phosphorylation reaction was performed on TA and MTA to
evaluate the chemical shifts of the resulting phosphorylated OH groups
[40,41]. About 30 mg of tannin sample was dissolved in 0.5 mL of sol-
vent A, which was composed of chloroform-d and anhydrous pyridine
with a volume ratio of 1:1.6 (vol/vol). For the internal standard solution,
two solutions were prepared in solvent A and then mixed together: 5.0
mg/mL solution of the relaxing agent Cr(acac); and 18.0 mg/mL
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solution of the internal standard NHND. Afterwards, 0.1 mL of the in-
ternal standard solution was added to the tannin sample solution. The
resulting mixture was stirred overnight. Prior to 'P NMR analysis, 0.1
mL of the phosphorylating agent TMDP was added to the homogenous
tannin solution and stirred for 30 s. To perform 3'P NMR spectroscopy,
the phosphitylated tannin solution was transferred into a 5 mm NMR
tube, and a Bruker Avance IIII HD 400 MHz spectrometer was used. A
relaxation delay of 2 s and 1024 scans were included in the acquisition
parameters. The resulting data were processed by means of MestReNova
software (Mastrelab Research SL), and phase corrections and automatic
baseline were applied. The chemical shift was calibrated to the reference
signal of the product of TMDP and water at 132.2 ppm. The determi-
nation of hydroxy group content on TA and MTA was achieved by
integration of peak regions attributed to OH groups. In detail, the used
integration regions were: aliphatic OH (149.0-147.0 ppm), phenolic OH
(144.0-138.8 ppm) and carboxylic acid OH (133.6-136.0 ppm) [45,46].
Derived integral values were converted to mmol OH/g tannin in
accordance with Equation (1):

R x NHND in NMR sample [mmol]

Dry weight of tannin (g M

mmol OH / g tannin =

Where R is the integral ratio of the 3'P NMR region of interest over the
region of the internal standard.

The degree of substitution (DS) was estimated following Equation
(2):

C(OH); [mmol/g] — C(OH),[mmol/g]

D8 = &0, mmol/g] + C(OH) [mmol/g] % Atas

@

In which C(OH); and C(OH)¢ are the initial and final concentrations
of OH units in tannin, respectively, and Amp,x is the weight increased
per g of tannin at 100 % conversion.

2.3.2. Folin-Ciocalteu (F&C) assay

The total phenolic concentration of MTA was assessed by the
Folin-Ciocalteu (F&C) assay [47]. The test is based on the reduction of
the F&C reagent caused by the oxidation of the phenolic compounds
[48]. After the dipping in 8 mL of double-distilled water, 0.5 mL of F&C
reagent and 1.5 mL of 20 w/v% NapCOs solution were added. Thus, the
reaction between the phenols in MTA and
phosphor-tungstic/phosphomolybdic acid contained in the F&C reagent
was carried out for 2 h in the dark. The photometric tests were per-
formed by measuring the solution’s absorbance at 760 nm with a UV-Vis
spectrophotometer (UV-2600, Shimadzu, Japan). The content of total
phenols was quantified according to a standard calibration curve of
gallic acid, obtained by seven solutions with established concentrations
(0.001, 0.003, 0.005, 0.010, 0.020, 0.030, and 0.040 mg/mL). The
phenol content of MTA was quantified by using gallic equivalent units
(GAE) as a measuring unit.

2.3.3. Fourier transform infrared (FTIR) spectroscopy

The structural changes before and after methacrylation reaction
were assessed by using a PerkinElmer Spectrum 100 instrument (Per-
kinElmer Waltham, Massachusetts, US), in an attenuated total reflection
(ATR) mode, equipped with a diamond crystal. The ATR-FTIR spectra
were acquired with a resolution of 4 cm™! and obtained as the average of
16 scans.

In order to investigate the effect of the concentration of BAPO pho-
toinitiator on UV-curing process of the synthetized MTA, a Thermo
Scientific Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific,
Milano, Italy) was used. The BAPO content was varied from 1 to 3 phr
(per hundred resin). The liquid formulation was spread on a silicon
wafer by a film bar to obtain a thickness of 12 pm. The sample was
irradiated by UV light under N5 flow, exploiting a Hamamatsu LC8 lamp
with an 8 mm light guide and spectral distribution range of 240-400 nm.
The real-time FTIR spectra were collected in the range of 4000-600
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cm ! with a spectral resolution of 4.0 cm ™! and resulted in 32 scans. The
conversion degree was estimated by the disappearance of the C=C peak
at1634 cm™! [49,50], while the C=0 signal at 1740 cm ™! was assumed

to be unaffected by UV-light irradiation [19,51]. All measurements were
carried out in triplicate. The conversion degree was calculated according

to Equation (3).
().~ )
Ac—o Ac—o
S 70 N 7t 100 3)
<Ac_4
Ac-o0
=0

where Ac—¢ and Ac—¢ are the areas of the peak assigned to the
stretching vibrations of the methacrylic double bonds and the reference
peak, respectively, measured at different times.

Conversion degree (%] =

2.3.4. Differential scanning photo calorimetry (photo-DSC) and differential
scanning calorimetry (DSC)

To investigate the photocrosslinking process, the differential scan-
ning photo calorimetry (photo-DSC) was performed by using a Mettler
Toledo DSC-1 instrument equipped with Gas Controller GC100 (Mettler
Toledo Columbus, Ohio, US). A mercury lamp (Hamamatsu Lightning-
cure™ LC8, Hamamatsu Photonics) with an optical fiber to directly
irradiate the sample with a UV light emission centered at 365 nm and
intensity at 100 % was used. About 5-10 mg of the UV-curable liquid
formulation with different amount of BAPO photoinitiator (1, 2 and 3
phr) was poured into an open 40 pL aluminum pan. The reference was an
empty pan. The experiments were carried out at room temperature
(25 °C) under No atmosphere with a flow rate of 40 mLmin’!. The
samples were subjected to UV irradiation two times for 5 min. The
second UV light exposure step was required to confirm the complete UV-
curing and establish the baseline. The curing curve resulted from the
subtraction of the second curve from the first one.

The differential scanning calorimetric (DSC) analysis was carried out
on 5-10 mg of UV-cured MTA in 40 pL aluminum pan and covered with a
pierced lid. The heating/cooling method was performed with a heating/
cooling rate of 10 Kmin! and under Ny flow (40 mL min~ ) and
composed of five steps. The sample was firstly heated from —20 °C to
200 °C; after the cooling to —20 °C, the chamber was heated to 250 °C
and subsequently again cooled to —20 °C; finally, the sample was heated
until 300 °C. The glass transition temperature (Tg) was estimated from
the third heating.

All tests were carried out in triplicate and the data were elaborated
by Mettler STARe software V9.2.

2.3.5. Photo-rheological measurement

An Anton Paar Modular Compact rheometer (Physica MCR 302,
Graz, Austria) was used to investigate the photo-rheological behaviours
of the MTA formulation with 3 phr of photoinitiator. A plate-plate ge-
ometry with plates measuring 25 mm in diameter was set. The distance
between the two plates was 0.3 mm and an oscillatory condition at
frequency of 1 Hz was used. A Hamamatsu Lightningcure™ LC8 lamp
(Hamamatsu Photonics, Shizuoka, Japan) with a broad UV spectrum
centered at 365 nm was employed as a light source. The lamp was
positioned beneath the bottom plate and it was turned on after 60 s with
a light intensity of 100 mW/cm?2. The photo-rheology was assessed as a
function of the changes in the storage modulus (G) and in the loss
modulus (G") of the sample versus the exposure time. The onset of the gel
formation was evaluated as gelation time (tge), which is considered as
the time where G’ = G” or the loss factor tan & (G’/G’) [52]. The
crosslinking density was estimated using Equation (4) [53]:

G'[Pa] N [mol ]

e= 4
5 R[m3PaK-'mol '] TIK] @

where G’ is the storage modulus in the plateau region of the photo-
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rheological curve, N, is the Avogadro number, R is the gas constant and
T is the working temperature (25 °C). All the measurements were carried
out in triplicate at room temperature.

2.3.6. Gel content

The gel content percentage (%gel) was estimated on UV-cured MTA
with 3 phr of photoinitiator. Around 100 mg of sample was immersed in
chloroform for 24 h and, after drying in air for further 24 h, the weight
loss was measured to determine the gel according to Equation (5).

W lgl
W [g]

where W; and W¢ are the weights of the dry sample before and after the
extraction, respectively.

Yogel = x 100 5)

2.3.7. Thermogravimetric analysis (TGA)

The thermal stability of UV-cured MTA was assessed by thermogra-
vimetric analysis (TGA). A Mettler-Toledo TGA 851e instrument (Met-
tler Toledo, Columbus, Ohio, US) was exploited. The sample was heated
from 25 °C to 800 °C with a heating rate of 10 °C min~* under Ar at-
mosphere with a flow of 50 mL min . All curves were normalized to the
unit weight of the samples.

2.3.8. Zeta potential

The zeta ({) potential was assessed on the surface of UV-cured MTA
as a function of pH in an electrolyte solution of 0.001 M KCI by using an
electrokinetic analyzer (SurPASS, Anton Paar, Graz, Austria) equipped
with an automatic titration unit and an adjustable gap cell. The pH was
changed by the addition of 0.05 M HCl and 0.05 M NaOH solutions for
titration in the acid and alkaline range, respectively. Fifteen points were
acquired for each range, and four ramps were conducted for each point.
Between the two measurements, the sample was thoroughly rinsed with
ultrapure water to use the same sample for basic and acid titrations.

2.4. Preparation and characterization of MTA coating

Before the application of MTA coating, the surface of low-carbon
steel substrates (Q-PANEL®) was pre-treated to remove any impu-
rities, such as carbon contaminants or rust formed during the steel’s
storage. Firstly, steel samples were degreased by sonification in acetone
for 5 min at room temperature. The steel surface was treated with an air
plasma (Tucano, Gambetti Kenologia, Binasco, MI, Italy) at 100 W for
10 min. Afterwards, the steel substrates were immediately coated by the
MTA coating formulation.

The coating formulation was composed of MTA and 3 phr of BAPO as
radical photoinitiator. The plasma pre-treated steel substrates were
coated by MTA coating with 100 pm in thickness by using a film bar. The
coated steel samples were irradiated by UV light at room temperature
for 5 min. Inert atmosphere was used to avoid the quenching by oxygen.
A Dymax ECE 5000 with a light intensity of 130 mW/cm? with an
emission ranged from 275 to 500 nm with a maximum intensity at 365
nm was employed.

2.4.1. Contact angle analysis

The wettability of the MTA coating was assessed by means of a drop
shape analyzer (DSA100, Kriiss, Hamburg, Germany) equipped with a
video camera. The contact angle analysis was conducted at room tem-
perature through the sessile drop technique placing the 5 pL water
droplet on a free surface of the coating. The measurements were
repeated three to six times.

2.4.2. Hardness tests

The hardness of the MTA coating was evaluated through two
different tests. Firstly, the Sauter HMO mobile Leeb Hardness Tester was
used by following the ASTM A956/A956 M standard [54]. The second
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test was performed by using a Shore D indentation instrument according
to the ASTM2240 [55]. Three measurements were performed to have an
average value.

2.4.3. Electrochemical impedance spectroscopy (EIS)

Finally, the protective properties of the MTA coating were evaluated
using Electrochemical Impedance Spectroscopy (EIS). The measure-
ments were performed with a Parstat 2273 potentiostat (Princeton
Applied Research by AMETEK, Oak Ridge, TN, USA) using PowerSuit
ZSimpWin software (version 2.40). An input signal with an amplitude of
approximately 15 mV (peak-to-peak) was applied over a frequency
range of 10° to 102 Hz. The experimental setup included an Ag/AgCl
reference electrode (+207 mV SHE) and a platinum counter electrode,
both immersed in a 3.5 wt% sodium chloride solution. The samples
remained immersed in the solution for a maximum of 168 h, with a
testing area of 1.0 cm? The measurements were conducted on four
samples.

3. Results and discussion
3.1. Synthesis of methacrylated tannic acid

The methacrylation functionalization of tannic acid (TA, Fig. 1) was
achieved by exploiting a microwave-assisted reaction (Fig. 2). The
method was based on prior works about the acetylation and meth-
acrylation of lignin, which assessed the optimal experimental conditions
to maximized the degree of substitution (DS) and the reaction product
yield [36,37]. Yao et al. assessed the yield and the DS of the modified
lignin as a function of different reaction parameters, and the highest
values were achieved after heating of 130 °C in 10 min via microwave
irradiation [36]. Moreover, the microwave-assisted methacrylation re-
action at 130 °C for 10 min was previously successfully investigated for
functionalization of gallic acid [39], which is a structural constituent of
TA [56]. [36,37] Hence, according to the above-mentioned in-
vestigations, the functionalization of TA was carried out at 130 °C for 10
min under microwave irradiation, achieving a yield of methacrylated
tannic acid (MTA) of about 88 %. By means of conventional thermal
process, similar yield values of methacrylated TA were achieved after 24
or 48 h, as demonstrated by the works about methacrylation reaction in
organic solvent with glycidyl methacrylate as acrylating agent in the
presence of a catalyst [32,33]. Instead, the microwave-assisted meth-
acrylation reaction of TA was demonstrated solvent-free and
catalyst-free in the present study. Therefore, the functionalization via
microwave irradiation technique was successfully performed in
remarkably short reaction time and at a moderate temperature.

The conversion of OH groups into methacrylate moieties was quan-
tified by 3lp NMR spectroscopy (Fig. 3a).

What emerges from the 3'P NMR spectra is a significant decrease of
the area of the phenolic alcohol region (144.0-138.8 ppm). Indeed, the
TA’s phenolic moieties were almost fully methacrylated, reaching a DS
of 91 %. In addition, the presence of aliphatic (149.0-147.0 ppm) and
carboxylic OH (133.6-136.0 ppm) groups in the 3'P NMR spectrum of
TA can be attributed to impurities resulting from the extracting process
of TA from Caesalpina spinosa. The peaks of carboxylic OH groups were
detectable also in the 3'P NMR spectrum of MTA due to the acid by-
product (methacrylic acid). Table 1 reports the content of OH groups
before and after the microwave-assisted functionalization. The incom-
plete methacrylation of TA can have several effects. Free polyphenolic
groups on the side of the coating toward the substrate are available for
coordinating iron ions of steel, as the F&C test also demonstrated, and
can increase the adhesion to the substrate. Moreover, the unmodified
OH groups inside the coating could be involved in hydrogen bonds
during the polymerization, enhancing the crosslinking density, and thus
mechanically reinforcing the MTA coating. Lastly, the OH groups
exposed outwards can increase the corrosion protection (see 3.5).
Indeed, a concentration of total phenols in MTA sample of 0.082 mg/mL
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Fig. 3. a) >'P NMR spectra of tannic sample before (TA) and after methacrylation reaction (MTA); b) ATR-FTIR spectra of TA and MTA.

Table 1
Quantification of hydroxy groups content on TA and MTA according to Equation

.

Sample  Phenolic OH Carboxylic OH Aliphatic OH Total OH
[mmol/g] [mmol/g] [mmol/g] [mmol/g]

TA 101.2 1.414 1.357 103.6

MTA 8.991 12.50 2.466 23.95

+ 0.006 was measured by F&C assay.

The methacrylation of TA via microwave-assisted process was further
monitored by ATR-FTIR analysis (Fig. 3b). Firstly, the evident and sig-
nificant decrease in intensity of the band assigned to OH groups’
stretches suggested the consumption of TA’s phenolic alcohol groups
due to the functionalization. The appearance of the new peaks at 1634
and 803 cm™?, corresponding to G=C stretches and in-plane C=CH,
bend, respectively, assured the effective methacrylation reaction.
Furthermore, a slight shoulder at 1780 ¢cm™! is noticeable in FTIR
spectrum of MTA and was related to the stretching vibrations of the
methacrylic C=0 groups. Lastly, the signals in the wavenumber region
of 3000-2900 cm ™! due to the stretches of the methacrylic methyl
groups were observed in the spectrum of MTA.

Therefore, the structural characterization of MTA by both *'P NMR
and ATR-FTIR spectroscopies fully supported the successful microwave-
assisted methacrylation.

3.2. Photopolymerization kinetics

The photopolymerization process of MTA was monitored through
real-time FTIR, photo-DSC analyses, and photo-rheological
measurement.

The conversion of photocurable methacrylate moieties in MTA was
investigated as a function of UV light irradiation by means of real-time
FTIR spectroscopy. The FTIR spectra of MTA before and after UV-curing
are collected in Fig. 4. It is evident that, after 180 s of irradiation, the
intensity of the signal at 1634 cm ! attributed to the double bonds C=C
of methacrylate moieties, was significantly decreased because of the
radical photocrosslinking process.

Moreover, the influence of the radical photoinitiator content in the
UV-curable MTA formulation on the final MTA conversion degree and
photocrosslinking rate was assessed. Conversion curves as a function of
UV light irradiation time for MTA formulations with different BAPO
content were determined by following the decrease of the area of the
signal at 1634 cm ! (Fig. 5).

The final conversion moderately increased as the concentration of
the radical photoinitiator increased, as Table 2 reports. The observed
increment in the conversion degree can be explained by the higher
amounts of photogenerated radicals from the photoinitiator during the
irradiation. Indeed, more radicals are available to initiate the photo-
polymerization, enhancing also the UV-curing kinetics (Table 2) [21].
All three MTA formulations reached conversions from 74 to 80 % after
180 s of irradiation.

Photo-DSC analysis on the same MTA formulations with different
BAPO contents and under the same temperature curing conditions, i.e.
25 °C, corroborated the real-time FTIR results. The photo-DSC curves are
shown in Fig. 6. Table 3 collects the significant parameters extrapolated
from photo-DSC experiments: the time at maximum rate of crosslinking
(tpeak), the peak height at maximum of the DSC curve (hpeax), and the
heat release (AH), estimated as the total enthalpy from the curing peak
integration. What stands out from photo-DSC analysis is that the tpeax
decreased as the BAPO concentration increased, confirming a faster
photocrosslinking process with higher amount of photoinitiator. In
detail, taking into consideration the standard deviations, the values of
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Fig. 4. Real-time FTIR spectra of MTA formulation with 3 phr of BAPO photoinitiator before (pre-curing) and after (post-curing) UV light irradiation for 180 s.
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Fig. 5. Conversion curves for MTA formulations with 1, 2, and 3 phr of the
radical photoinitiator.

Table 2
Conversion degrees, estimated by Equation (3), of MTA formulations with
different BAPO concentrations after specified time of UV light irradiation.

BAPO Conversion Conversion Conversion Conversion

concentration degree [%] degree [%] degree [%] degree [%]
after 5 s after 30 s after 60 s after 180 s

1 phr 39+0.3 55+ 4 62+ 6 74 +7

2 phr 44 + 0.3 59 +2 65 + 2 74+ 3

3 phr 42+5 59 +3 67 £ 2 80+5

hpeak and AH of the MTA formulations with 2 phr and 3 phr of BAPO
were comparable, proving the high photo-reactivity of the systems.
Therefore, from the results of the real-time FTIR and photo-DSC ana-
lyses, the addition of 3 phr of the radical photoinitiator was chosen for
the subsequent investigations and for the coating preparation.

In addition to real-time FTIR and photo-DSC analyses, a further
investigation of the UV-curing process of MTA was conducted by means
of real-time photo-rheology. The increase of the storage modulus results
from the crosslinking reaction. As can be seen in Fig. 7, the UV lamp was
turned on after 60 s of darkness and the UV light irradiation almost
immediately increased the storage modulus in only 20 s. The gelation
time (tge)) at 2.5 s confirmed the high photo-reactivity of MTA. After 80 s

20
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155 —— 3 phr

Heat flow [W/g]
]
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7hn T T
150 160 170 180

T T T T T T T T
0 10 20 30 40 50 60 70 80
Time [s]
Fig. 6. Photo-DSC curves for MTA formulations with 1, 2, and 3 phr of BAPO.
Table 3

Photo-DSC results of MTA formulations with different radical photoinitiator’s
content.

BAPO concentration tpeak [S] hpeax [W/g] AH [J/g]

1 phr 5.3+ 0.6 13.9+7.6 138.9 +£ 729
2 phr 5.0+ 1.0 17.87 + 3.9 1775+ 7.5
3 phr 5.0+ 1.0 16.6 £1.8 176.5 £ 12.1

the photo-rheological curve reached the plateau once the photo-
polymerization reaction was terminated reaching crosslinking density
(ve) of 1.19 x 10 m ™3,

Lastly, the gel fraction of MTA after the UV-curing process was
assessed by 24 h extraction in chloroform. A gel content (%gel) of 99 %
+ 0.2 was measured. This outstanding %gel value was in accordance
with the high conversion degree and revealed the efficient formation of
insoluble fraction due to the crosslinks formed between MTA monomers.

3.3. Thermal analysis of UV-cured MTA

The glass transition temperature (Tg) of the UV-cured MTA was
estimated by DSC analysis. As shown in Fig. 8a, the UV-Cured meth-
acrylated tannin exhibited a very high Ty value of about 133 °C.
Therefore, a significant crosslinking of the photo-crosslinked MTA was
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Fig. 7. Photo-rheology with 3 phr of radical photoinitiator.

implied. This outstanding result correlates with the T, of methacrylated
gallic acid [39], and its thermoset [57,58]. Finally, a high T, implies a
decrease in oxygen and water permeability, and thus an enhancement in
the protective barrier properties of the coating [59,60].

In addition, TGA experiments in inert atmosphere were carried out to
investigate the thermal stability of UV-cured MTA. The TGA thermo-
gram is reported in Fig. 8b and showed a two-step degradation profile.
The first stage was between 165 °C and 328 °C and could be related to
the decomposition of not completely cured MTA, like dangling chain
ends. The second step (328-500 °C) occurred at remarkably high tem-
perature probably due to the degradation of the phenolic moieties and
the random scission of crosslinked chains [37,61,62]. The thermal
degradation temperature of 20 % mass loss (Tgeg20 %) Was approximately
282 °C, and the char yield (W¢har) Was around 14 %. Hence, the assessed
high thermal stability of MTA-based cured polymer can be explained by
the high crosslinking density and aromatic content.

3.4. Surface properties of UV-cured MTA

The correlation between the corrosion resistance of a coating and its
surface wettability is noteworthy [6,17,63-69]. Thus, the water contact
angle on UV-cured MTA coating was assessed and a value of 75° + 2 was
measured. The hydrophobicity of the coating is explained by the intro-
duction of the methacrylate moieties, which consumed most of the hy-
drophilic phenolic alcohol-groups of TA.

Moreover, hardness plays a crucial role in the durability of the ma-
terial [70,71]. The hardness of MTA coating was assessed by Leeb
rebound hardness and the Shore D hardness tests. Both of the hardness
measurements estimated good hardness values for UV-cured MTA: 525
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+ 41 of Leeb hardness and 70 + 5 of Shore D hardness. The rigidity of
the polymeric network can explain these results, implying high cross-
linking density and aromatic content for the tannin-based coating, as
suggested by the high T values. Commercially available acrylic resins
generally show a Leeb hardness in the range of 750-811 [71]. Therefore,
the proposed UV-cured bio-based coating exhibited a value of Leeb
hardness not remarkably different and lower from commercial acrylic
resins. Furthermore, the evaluated Shore D hardness proved to be higher
than the values reported for UV-cured castor oil-based hyperbranched
acrylate coatings (25-50 Shore D hardness) [72], and the value was also
higher or comparable with hardnesses of other reported bio-based
coatings [73-75].

Finally, since during the corrosion process ions in the electrolyte
have a significant impact on the corrosive deterioration of metals, the
surface charge density of MTA coating was investigated by means of zeta
(¢) potential measurement. As Fig. 9 displays, the UV-cured MTA
showed a predominantly negative surface charge at the pH range studied
due to the acidic polyphenolic OH and ester groups. The isoelectric point
(IEP) was measured at an extreme acidic pH of 2.7. Overall, as can be
seen from the standard deviation values for each point in Fig. 9, the
system was chemically stable to pH changes. The correlation between
the ¢ potential and the corrosion process has been previously investi-
gated. Indeed, the literature reports that the negative { potential proved
to discourage chloride adsorption under the effect of electrostatic force,
and thus the anodic film was less susceptible to chloride attack [76-78].
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Fig. 8. a) DSC and b) TGA thermogram of UV-cured MTA with 3 phr of BAPO photoinitiator.
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3.5. Anticorrosion performance of the UV-cured MTA coating

In order to assess the corrosion protection performance of the UV-
cured MTA coating, possible contaminants and scale on the surface of
low-carbon steel were removed by means of air-plasma process. Plasma
pre-treatment is an eco-friendly and highly efficient technique to
enhance the metallic surface reactivity towards coatings [41,79,80].
Thus, plasma irradiation can be a more sustainable and alternative
process to conventional ones, like pickling methods, which require
extensive use of strong inorganic acids [19,81].

Accordingly, the protective capabilities of the MTA coatings were
assessed through electrochemical impedance spectroscopy (EIS) mea-
surements. EIS is a commonly employed method for evaluating the
protective characteristics of organic coatings [82], including their
defectiveness or degree of adhesion [83]. The Bode impedance modulus
at low frequencies (1072 Hz), denoted as |Z|.01), provides a rough
quantitative estimate of the protective effectiveness of the coating.
Several studies in the literature establish that a |Z|.o1y value of 106 Q
cm? is the minimum threshold for a coating to be considered as “pro-
tective” [84-86].

Fig. 10a illustrates the trend of |Z|(g.01) over time for four replicates
of MTA coating on low-carbon steel. The graph reveals variations among
the samples, although all exhibited the same decreasing trend typical of
EIS measurements, which indicates the development of degradation of
the coating and the starting of corrosive phenomena [87]. Generally, at
the first time of immersion, the four samples demonstrated good pro-
tective performance, with |Z|o.01) values remaining relatively high. The
main difference was in the initial values; for instance, the |Z|.01) value
of MTA1 sample started at nearly 10° Q cm?, while the MTA2 sample
began almost two orders of magnitude lower. This variation was likely
due to the differences in the integrity of the coatings, with MTA1
appearing compact and defect-free to the ’system’, while MTA2 likely
showed noticeable defects from the outset. The MTA3 and MTA4 sam-
ples displayed intermediate behaviour between these two extremes.
When free of significant defects, as in the case of the MTA1 sample, the
coating exhibited excellent protective properties. This is attributed to
the strong adhesion between the coating layer and the metal substrate,
facilitated by the incomplete methacrylation of TA shown by 3'P NMR
measurements. The residual free polyphenolic groups in TA are expected
to coordinate with the surface iron ions of the steel.

The reduction trend of |Z|.01) over time was likely due to the
penetration of the solution into the coating. To further investigate this
phenomenon, Fig. 10b displays the evolution of the Nyquist diagrams
for the MTA1 sample. At t = 0 h, the curve tends to close on itself,
indicating a continuously evolving “system”. This suggests that the
coating was slowly absorbing the test solution due to intrinsic porosity.
After 24 h, two 'time constants’ become evident, represented by two
semicircles in the Nyquist curve. The first semicircle at high frequencies
indicates dissipation phenomena caused by the protective layer, while
the second semicircle at low frequencies indicates dissipation processes
occurring at the interface with the metal substrate [88]. This was a result
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of the solution percolating through the coating, leading to initial
corrosion phenomena on the steel surface.

In fact, the most significant drop in |Z|(.1) shown in Fig. 10a
occurred within the first 24 h of the measurements. After this initial
period, despite the dissipation processes at the interface, the strong
adhesion of the MTA layer prevents significant delamination. Conse-
quently, the reduction in |Z|(,01) and thus the decline in protective
properties happened very gradually.

Ultimately, it can be concluded that UV-cured MTA layer provided
an effective solution for protecting metal substrates. However, the
decreasing trend of |Z|(o.01) values over time for all samples, particularly
for samples MTA2 and MTA4, which show values below the threshold of
10% Q cm? that allows an organic coating to be considered protective
[85,86], highlights a certain criticality in the studied samples. It is
therefore necessary to optimize the production process to reduce the
porosity and defects in the layers.

The performance of the coating can be further enhanced by reducing
porosity and minimizing defects during the deposition process. The
analyses have demonstrated that the incomplete methacrylation of TA
could be important for good adhesion to the metal substrate, offering
promising results for the development of sustainable organic coatings.
Moreover, the remaining free OH groups in MTA can contribute to the
corrosion protection on steel thanks to their ability to scavenge oxygen
radicals [6,26,89,90].

4. Conclusions

Microwave-assisted functionalization of natural extract of tannic
acid (TA) was successfully demonstrated. The reaction led to a high-
yield and high degree of substitution in significantly reduced reaction
time without additional solvents and catalysts.

The methacrylated tannic acid (MTA) was successfully radically
photopolymerized achieving a conversion degree of 80 % with 3 phr of
photoinitiator after 180 s of UV light irradiation. The high photo-
reactivity of MTA was further confirmed by the short gelation time
and produced a notably high insoluble fraction. Furthermore, the UV-
cured MTA showed elevated Ty and good thermal stability.

Finally, the photopolymerized MTA was demonstrated as a poten-
tially eco-friendly coating for low-carbon steel with very low wettability
and good hardness. Moreover, a sustainable plasma pre-treatment of
steel surface before applying the MTA coating proved to be efficient.
Preliminary EIS measurements indicated promising potential in terms of
protective performance, with |Z|(o.01) values consistently exceeding the
critical threshold of 10° @ cm? even after one week of exposure to an
aggressive solution. From EIS results, a further degradation of the metal
substrate might be mitigated by the good adhesion of the MTA coating.
However, the results also denoted challenges related to the percolation
of the solution into the surface layer.

In conclusion, a more sustainable anticorrosive coating based on
natural tannins via greener functionalization, surface treatment, and
photopolymerization methods was demonstrated.
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Fig. 10. a) Evolution of Bode impedance modulus |Z| o1y over time and b) relative Nyquist diagram of sample MTAL.
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