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Exploitation of tannic acid as additive for the adhesion enhancement of 
UV-curable bio-based coating 
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A B S T R A C T   

The interest in environmentally friendly coatings is rising to substitute for the oil-derived materials in the coating 
industry. In the present study, natural tannic acid (TA) is investigated as an additive to an epoxidized soybean 
oil-based (ESO) coating. TA solutions in propylene carbonate at two different concentrations were prepared and 
added to an ESO matrix with different weight ratios. The UV-curing process of the coatings was deeply assessed 
through real-time Fourier Transform Infrared (FTIR) spectroscopy and Differential Scanning photo Calorimetry 
(photo-DCS). A significant increase in high epoxy group conversion, around 90 %, was achieved thanks to the 
activated monomer mechanism, which involves the TA polyphenols. This mechanism accelerated the photo-
crosslinking process, but reduced the coatings’ crosslinking density, as demonstrated by the dynamic thermal 
mechanical analysis. The hardness of coatings containing the TA additive decreased, while the hydrophobicity of 
the surface coatings remained unchanged after the TA incorporation. Lastly, the adhesion of the UV-cured 
coating was evaluated on low-carbon steel substrates. An outstanding enhancement in adhesion property was 
provided by the TA additive, whose phenols not only participate in the photocrosslinking reaction but also co-
ordinate iron on the steel surface. Moreover, the influence of two different steel surface pre-treatments, the 
pickling and plasma processes, on the coatings’ adhesion strength was studied.   

1. Introduction 

Every year, the demand for synthetic polymer products rises, espe-
cially in the coatings industry, as well as the public knowledge of their 
negative effects. Indeed, the methods of coatings production frequently 
involve nonrenewable and oil-derived chemicals. The coating sector 
consumes >60 % of the world’s production of epoxy resins, on which 
most petroleum-derived thermosetting polymers are based [1]. The 
main ingredient of the most conventional and widely used epoxy resins 
in industry is bisphenol A (BPA). However, this petroleum-based com-
pound has been known to induce serious hazardous effects on human 
and ecological health [2–4]. Consequently, the development of sus-
tainable coatings prepared from renewable resources in accordance with 
green chemistry principles is required to reduce environmental concerns 
and the negative impact of traditional coatings on human health. Among 
renewable and biodegradable sources, bio-based monomers from many 
different types of vegetable oils have been proposed as potential alter-
natives thanks to their highly reactive sites [5,6]. Indeed, the high 
number of double bonds in the triglycerides chemical structures can be 

functionalized with epoxy groups, which are exploited for the cross-
linking process [7]. 

Nevertheless, the development of new and environmentally friendly 
technologies, as well as the variation in the raw materials, also plays an 
important role. Indeed, the traditional curing processes release a large 
amount of volatile organic compounds (VOCs), that are harmful to 
human beings and pollute the environment. The photopolymerization of 
polymer coatings represents a sustainable process since it shows several 
advantages, such as fast curing speed, energy saving, and no VOCs 
emission [8–11]. The photocrosslinking reaction is performed under 
light irradiation via a chain-growth mechanism involving the propaga-
tion of either radicals or cations [8,12]. As cationic UV-curing poly-
merization does not require an inert atmosphere and can continue in the 
dark thanks to the long-lived species generated by the photoinitiator, it 
exhibits important benefits over the use of radical processes [8,12,13]. 

Crivello was the first to investigate the design of cationically pho-
tocrosslinkable monomers from bio-renewable sources, including 
epoxidized triglyceride oils [14,15]. Several plant oils have been 
investigated for this purpose [1,2,6,7,15–21], but soybean oil has been 
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extensively industrially used as an abundantly available, low-cost, and 
non-depletable resource [22]. Fig. 1a displays the chemical structure of 
epoxidized soybean oil used for the cationic photopolymerization. 

Although coatings based on UV-curing and epoxidized vegetable oils 
show good adhesion on different substrates [15,23], adhesion 
enhancement has emerged as one of the important concerns for pro-
moting the use of UV-curable coatings for steel [24]. The easiest, most 
cost-efficient, and most effective way to increase the adherence of a UV- 
curable coating to a metal surface is the incorporation of an adhesion 
promoter in the coating formulation [24–28]. An adhesion promoter is a 
compound able to act as a “bridge” between the coating and the sub-
strate since it contains at least two types of active functional groups. One 
can react with the substrate surface and, the other can participate in the 
curing polymerization of the coating [27]. A large number of adhesion 
promoters, including silane coupling agents and phosphate esters, have 
been exploited. However, they are not bio-based nor from natural and 
industrial side-streams [25–27,29,30] and their production and exploi-
tation can be dangerous [24]. 

Therefore, in the last few years, more widespread attention has been 
focused on eco-friendly and bio-based adhesion promoters. Within this 
framework, the interest in natural polyphenolic compounds is rising 
[31,32], since they show key benefits, such as non-toxicity, biodegrad-
ability, ease of extraction from natural sources and agro-food waste, 
availability, low cost, and high affinity for metallic surfaces [33–36]. 
Polyphenols include various ubiquitous molecules, like tannins, and 
their characteristic catechol groups can interact with many kinds of 
surfaces and, particularly with steel thanks to their action as polydentate 
ligands for metal ions [33,37–42]. The coordinate interactions between 
tannins and iron ions have been extensively studied and produce black 
mono and bis-complexes, denominated iron tannates [33,40]. The 
coating adhesion enhancement by natural tannins, including tannic acid 
(Fig. 1b), on steel substrates was investigated [33,41–50]. Wang et al. 
achieved a highly performed tannic acid-based additive as an adhesion 
promoter for a UV-curable coating for low-carbon steel. As the tannins 
hydrophilic nature makes them usually not compatible with most 
organic resins, they synthesized acrylated tannic acid with glycidyl 
methacrylate, which is harmful and corrosive. Moreover, the resin used 
was a standard bisphenol A epoxy acrylate [50]. 

Lastly, surface oxides, commonly named “scale” [51], and other 
contaminants on the steel surface can affect coating adhesion. Hence, 
their removal is crucial to recover a clean, bare, and smooth steel 

surface. One of the most common industrial methods is a pickling pro-
cess in either sulfuric acid or hydrochloric acid aqueous baths [51–53]. 
However, the extensive use of acids proves not sustainable and implies 
several hazards, which can be avoided by plasma treatment. Plasma 
treatment is highly efficient, energy-saving, easily controlled, and 
environmentally friendly and it can be utilized as a technology for steel 
surface engineering [54], a decontamination method in the food in-
dustry [55] and a technique for improving coatings adhesion [56,57]. 

With the aim to obtain a sustainable coating with strong adhesion 
properties on low-carbon steels, through the eco-friendly technique of 
UV-curing, the current study proposes tannic acid (TA), extracted from 
natural sources, as a bio-based and chemically unmodified additive for 
the UV-curable epoxidized soybean oil-based (ESO) coating. We exam-
ined the cationic photopolymerization of coatings formulations with 
different weight ratios of ESO/TA by real-time FTIR spectroscopy and 
photo-DSC analysis. The thermo-mechanical and surface properties of 
the UV-cured coatings, with and without the tannic additive, were 
deeply assessed, as well as the TA effect on adhesion by the cross-cut 
tape test. Finally, this study also provided an investigation of the ef-
fects of pickling and plasma steel pre-treatments on the coatings’ 
adhesion. 

2. Materials and methods 

2.1. Materials 

The extract of tara Tan’Active T80 (TA) from Caesalpina spinosa was 
supplied by Silvateam S.p.A. (San Michele Mondovì, Cuneo, Italy) and it 
is composed of 100 % gallic tannins with a tannic acid content >90 %. 
The epoxidized soybean oil (ESO) was synthesized and provided by 
HOBUM Oleochemicals GmbH (Hamburg, Germany). The composition 

Fig. 1. Chemical structures of a) epoxidized soybean oil (ESO) and b) tannic acid (TA).  

Table 1 
Composition of epoxidized soybean oil (ESO).  

Oxirane 
content 
[%] 

Acid 
value 
[mg 
KOH/g] 

Viscosity at 
20 ◦C 
[mPa*s] 

Iodine 
value 
[g I2/ 
100 g] 

Color 
[Gardner] 

Biobased 
carbon 
content 
[%] 

6.5–7.5 Max. 
0.5 

400–600 Max. 3.5 Max. 2 100  
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of the vegetable oil is provided in Table 1. 
The cationic photoinitiator (triarylsulfonium hexafluoroantimonate 

salt), mixed 50 wt% in propylene carbonate, was purchased from Sigma- 
Aldrich, as well as propylene carbonate (PC, ReagentPlus®, 99 %) 
acetone (ACS reagent, 99.5 %) and hydrochloric acid (ACS reagent, 37 
%). The measuring liquid for the contact angle analysis was Water 
(ROMIL-SpS™ Super Purity Solvents) from ROMIL. 

To characterize the adhesion performances of the coatings, Q- 
PANEL® standard test substrates (ASTM A1008, low-carbon steel, 0.51 
mm thick, Q-Lab) were used and cut into 10 mm × 10 mm pieces. The 
chemical composition of these materials is (wt%): <0.15 C, <0.60 Mn, 
<0.03 P, <0.035 S, and balance Fe. 

2.2. Preparation of formulations 

The different formulations were prepared as follows. After pouring 
around 0.5 g of ESO into a vial, 2 parts per hundred resin (phr) of the 
photoinitiator was added [13,58]. Then, the vial was covered in an 
aluminum foil to prevent light exposition and the formulation was me-
chanically stirred for a few minutes. 

Since the pristine extract of tara Tan’Active T80 (TA) is not soluble in 
ESO matrix, TA solutions of 30 wt% or 40 wt% in propylene carbonate 
were prepared by sonication at room temperature until completely 
solubilized. Propylene carbonate was chosen as it is the same solvent as 
the photoinitiator. The described above method was used to prepare 
ESO-based formulations containing TA, by adding a specified amount of 
TA solution to obtain a definite weight ratio of ESO to TA. Table 2 
summarizes the different formulations. 

2.3. Pre-treatment of the steel surface 

To assess the coating adhesion properties, the surface of low-carbon 
steel substrates (Q-PANEL®) was pre-treated before the coating depo-
sition to remove any impurities, such as carbon contaminants or rust 
formed during the steel’s storage, and thus to improve steel surface 
reactivity [52,56,57,59,60]. Firstly, steel samples were degreased by 
sonification in acetone for 5 min at room temperature and then dried 
with compressed air. Hereafter, the steel samples were divided into two 
sets. 

A part of the samples underwent the pickling process in 2 M HCl for 
5 min. Subsequently, they were rinsed with distilled water and dried 
with compressed air. 

The surfaces of the second set were treated with an air plasma 
(Tucano, Gambetti Kenologia Srl, Italy) for 10 min at 100 W and quickly 
packed with an aluminum foil after the process to prevent further 
contamination. 

All steel substrates were immediately coated by the various formu-
lations (Table 2) after the surface pre-treatment. 

2.4. Photopolymerization of coatings 

The formulations were deposited on the pre-treated steel substrates 
with a film bar, to ensure a thickness of 100 μm. The photocrosslinking 

process was carried out at room temperature for 90 s by using Dymax 
ECE 5000 with a light intensity of 130 mW/cm2. The UV lamp’s emis-
sion ranged from 275 to 500 nm with a maximum intensity at 365 nm. 

2.5. Characterization of the formulations 

2.5.1. UV–-Vis spectroscopy 
The UV–Vis spectrophotometer (UV-2600, Shimadzu, Japan) was 

exploited to assess the absorption competition in the UV region of the 
photoinitiator and TA. For the analysis, a 2 wt% TA solution in pro-
pylene carbonate and a 15 wt% photoinitiator solution in propylene 
carbonate were produced, while pure propylene carbonate was used as 
blank. 

2.5.2. Fourier transform infrared spectroscopy (FTIR) 
The Fourier Transform Infrared spectroscopy (FTIR) analyses were 

conducted using a Thermo Scientific Nicolet iS50 FTIR spectrometer 
(Thermo Fisher Scientific, Milano, Italy). The spectra were recorded in 
the range of 4000–600 cm− 1 as 32 scans with a spectral resolution of 4.0 
cm− 1. 

To evaluate the composition of the formulations, the FTIR instru-
ment equipped with a diamond crystal ATR accessory was used. 

The photocrosslinking process was monitored by real-time FTIR in 
transmission mode in the air at room temperature. The photocurable 
liquid formulations were spread with an average film thickness of about 
12 μm on a silicon wafer by a film bar. The conversion degree was 
assessed by the disappearance of the double epoxy peaks centered at 
846 cm− 1 and 823 cm− 1 [23,61,62]. The peak at 1744 cm− 1, assigned to 
the C––O stretching of ESO, was assumed to be unaffected by UV irra-
diation [14,63] and thus it was taken as the reference. The conversion 
degree during the exposure time was calculated according to Eq. (1). 

Conversion [%] =

(
Aepoxy
Aref

)

t=0
−

(
Aepoxy
Aref

)

t(
Aepoxy
Aref

)

t=0

× 100 (1)  

where Aepoxy and Aref are the areas of the epoxy ring peak and the 
reference peak, respectively, evaluated at different times. 

All measurements were repeated three times, and the data were 
recorded and analyzed by using the Thermo Fischer Scientific Omnic 
software. 

2.5.3. Differential scanning photo calorimetry (photo-DSC) 
The differential scanning photo calorimetric (photo-DSC) analyses 

were performed on a Mettler Toledo DSC instrument equipped with Gas 
Controller GC100. The DSC was supplied with a mercury lamp (Hama-
matsu Lightningcure™ LC8, Hamamatsu Photonics) with an optical 
fiber to directly irradiate the sample. The UV light emission was 
centered at 365 nm with an intensity of 100 mW/cm2. The photocurable 
samples (8–13 mg) were poured into an open 40 μL aluminum pan, 
whereas an empty pan was used as a reference. The experiments were 
performed at room temperature (25 ◦C) under inert in a nitrogen at-
mosphere (N2 flow rate of 40 mL/min). The samples were irradiated two 
times for 5 min. The second irradiation step was useful to verify the 
complete curing and create the baseline. The curing curve was obtained 
by subtracting the second curve from the first. All experiments were 
carried out in triplicate and the data were processed by Mettler Toledo 
STARe software V9.2. 

2.5.4. Dynamic mechanical thermal analysis (DMTA) 
Dynamic thermal-mechanical analysis was carried out with a Triton 

Technology device (Tritec 2000 DMA). The samples were UV-cured in a 
silicon mold with dimensions of 17 mm × 8 mm × 1 mm. The initial 
temperature (− 50 ◦C) was achieved by cooling the test chamber with 
liquid nitrogen. The measurements were run by applying uniaxial tensile 

Table 2 
Formulations used in this study.  

Formulation ESO/TA 
[weight 
ratio] 

TA 
solution 
added 
[wt%] 

TA 
content 
[wt%] 

PC 
content 
[wt%] 

Photoinitiator 
content 
[wt%] 

ESO/0TA 100/0 – – –  2 
ESO/3TA 90/10 30 3 7  2 
ESO/4TA 90/10 40 4 6  2 
ESO/6TA 80/20 30 6 14  2 
ESO/8TA 80/20 40 8 12  2 
ESO/9TA 70/30 30 9 21  2  
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stress at the frequency of 1 Hz with a heating rate of 5 ◦C/min and were 
concluded when the rubbery plateau was reached. The storage modulus 
(E′) and the loss factor (tanδ) were recorded as a function of 
temperature. 

Glass transition temperature (Tg) was detected as a maximum of the 
tanδ curve. The ratio between the dissipative modulus (E″) and the 
storage modulus (E′) corresponds to the tanδ and the maximum of the 
tanδ can be attributed to Tg. Moreover, the crosslinking density (νc) was 
estimated by using an equation derived from the statistical theory of 
rubber elasticity (Eq. (2)). As this equation approximates the system, it 
was used only to qualitatively compare the level of crosslinking among 
the obtained networks [61]. 

νc =
E′

R

3RT
(2)  

where νc is the number of moles of network chains per unit volume of the 
crosslinked network, ER′ is the storage modulus values in the rubbery 
plateau region extracted from the graph at 50 ◦C above Tg, R is the gas 
constant and T is the absolute temperature (i.e., at Tg + 50 ◦C). The test 
was repeated three times for each type of formulation. 

2.6. Characterization of the coatings 

To evaluate the coating properties, the formulations were photo-
polymerized on the pre-treated steel substrates, as described above. 

2.6.1. Contact angle 
The contact angle tests were carried out with a drop shape analyzer 

(DSA100, Krüss) equipped with a video camera. The analyses were 
conducted at room temperature through the sessile drop technique 
placing the water droplet (5 μl) on a free surface film. Three to six 
measurements were performed on each sample and the values were 
averaged. 

2.6.2. Pencil hardness and Leeb rebound hardness tests 
The hardness of the coatings was assessed through two different 

tests. The pencil hardness was determined according to the ASTM D3363 
standard [64]. Several pencils ranging from 6B to 4H were employed. 
The final pencil (in order of hardness) that did not leave a scratch on the 
film surface was used to attribute the hardness value. Moreover, the 
Sauter HMO mobile Leeb Hardness Tester was used to evaluate the 
coatings’ hardness by following the ASTM A956/A956M standard [65]. 
Four measurements were taken for each type of sample to have an 
average value. 

2.6.3. Adhesion tests 
To assess the coatings’ resistance to separation from the steel sub-

strates, the adhesion test was carried out according to the BS EN ISO 
2409:2020 standard [66]. The Elcometer 107 Cross Hatch Cutter was 
used to evaluate the adhesion of the photocrosslinked coatings on the 
steel substrates. The insert number 3 was used as a cutter to perform the 
test. The cut areas were carefully visually examined with a viewing lens 
and were classified according to Table 3, using the images as a guide. 
After the adhesion test, the steel samples were observed by optical mi-
croscope (Reichert-Jung MeF3, Leica-Microsystems Srl). 

3. Results and discussion 

3.1. Investigation on cationic photopolymerization 

Fig. 2 shows the FTIR spectra of ESO/0TA and ESO/9TA compared to 
the ones of the raw materials (ESO and TA). The ESO spectrum is 
characterized by narrow peaks at 2927 cm− 1 and 2855 cm− 1 which were 
assigned to the –CH2– asymmetrical and symmetrical stretching vibra-
tion, respectively. The signal with high intensity at 1744 cm− 1 was 

generated by the stretching vibration of ESO’s ester C––O groups and the 
peaks at about 846 cm− 1 and 823 cm− 1 were attributed to stretching and 
bending vibrations of the C–O–C of the epoxy rings, respectively. These 
characteristic signals of ESO were present also in the spectra of the 
photocurable formulations, as can be seen from the ESO/0TA and ESO/ 
9TA spectra reported in Fig. 2. Moreover, the spectra of ESO/0TA and 
ESO/9TA show a new peak at 1805 cm− 1 assigned to the carbonyl group 
of PC, which is the solvent of both photoinitiator and TA solutions. The 
higher intensity of this peak in the spectrum of ESO/9TA was due to the 
higher amount of solvent from the addition of the TA solution to the ESO 
formulation. 

The photopolymerization kinetics of ESO-based formulations with 
and without TA was followed by real-time FTIR (Fig. 3a). Once the light 
was turned on, the intensities of these peaks started to decrease as a 
consequence of the epoxy ring opening [13,61,67,68]. Simultaneously, 
the broad band at around 3400 cm− 1 appeared and its intensity 
increased during the irradiation time. This demonstrated that the for-
mation of –OH groups was caused by the ring-opening polymerization 
reaction [61,68]. The mechanism of this light-induced polymerization 
reaction is schematically shown in Fig. 3b. Briefly, the cationic photo-
initiator (triarylsulfonium hexafluoroantimonate salt) produces a 
Brønsted acid upon UV irradiation. The presence of the photogenerated 
protonic acid promoted the ring-opening polymerization of epoxides 
[13]. The complete conversion was achieved after 90 s of UV irradiation 
and the average percentages of conversion are reported in Table 4. As 
shown in Fig. 4, the TA addition to the ESO formulation significantly 
increased the photocuring reactivity. After 30 s of UV exposure, the 
conversion reached for the formulation ESO/0TA was around 55 %, 
while with the addition of TA, the conversion degree was about 20 or 25 

Table 3 
Classification of test results in accordance with BS EN ISO 2409:2020 standard.  

Classification Description The appearance of cross-cut 
areas from which flaking has 
occurreda 

0 The edges of the cuts are 
completely smooth; none of the 
squares of the lattice is detached. 

1 Detachment of small flakes of the 
coating at the intersections of the 
cuts. A cross-cut area lower than 5 
% is affected. 

2 The coating has flaked along the 
edges and/or at the intersections of 
the cuts. A cross-cut area >5 %, but 
lower than 15 %, is affected. 

3 The coating has flaked along the 
edges of the cuts partly or wholly in 
large ribbons, and/or it has flaked 
partly or wholly on different parts 
of the squares. A cross-cut area 
>15 %, but lower than 35 %, is 
affected. 

4 The coating has flaked along the 
edges of the cuts in large ribbons 
and/or some squares have 
detached partly or wholly. A cross- 
cut area >35 %, but lower than 65 
%, is affected. 

5 Any degree of flaking that cannot 
even be classified by classification 
4 

–  

a The figures are examples of a cross-cut within each step of the classification. 
The percentages stated are based on the visual impression given by the pictures 
and the same percentages will not necessarily be reproduced with digital 
imaging. 
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% higher. After just 60 s, the conversion of the resins with TA reached 
around 90 %, unlike ESO/0TA. Lastly, a complete conversion for the 
formulations with TA was achieved after 90 s of irradiation, whereas 
ESO/0TA showed a conversion degree of only about 72 %. The different 
formulations with TA showed very similar conversion degrees, consid-
ering the standard deviations. 

Photo-DSC analysis was performed on the same formulations to 
corroborate the real-time FTIR data. The different resins were tested in 
the same temperature curing conditions, i.e., 25 ◦C. This investigation 
revealed some critical parameters, including the time at which the 
maximum rate of heat evolution was reached (tpeak), the height of the 
exothermic peaks (hpeak), and the heat release (ΔH), estimated as the 
total enthalpy from the curing peak integration (Table 3). In Fig. 5a, the 
photo-DSC thermograms are collected. As can be noticed, the addition of 
TA to the photocurable formulations significantly increased ΔH values. 
These results can be explained by the chain-transfer mechanism, known 
as the activated monomer mechanism (Fig. 5b). During the propagation 
step, the epoxy ion undergoes nucleophilic attack by the polyphenol 
generating a protonated ether. The charge of this compound is 

neutralized by another epoxy group and the growth of the polymeric 
chain is concluded. As a consequence, this process regenerates a hy-
droxide terminal that propagates the termination and the chain-transfer 
processes. The overall effect consists of an acceleration of the epoxy ring 
conversion and thus, of the crosslinking and a reduction of crosslinking 
density [18,69–72]. 

The hpeak was proven to be proportional to the polymerization rate 
and hence it confirmed the beneficial effect of tannins on the cross-
linking kinetic. Indeed, as previously observed from the curves in Fig. 4, 
the TA addition into ESO matrix significantly increased the hpeak values 
and thus the photopolymerizations of coatings with the tannic additive 
were faster than ESO/0TA. As a last consideration, the time at the 
maximum rate of polymerization (tpeak) increased as the TA concen-
tration and amount increased. This result can be clarified by the ab-
sorption competition between TA and the photoinitiator, which 
determines a delay in crosslinking kinetics of formulations with TA 
compared to pristine ESO. Indeed, as Fig. 6 displays, TA and the pho-
toinitiator absorb in the same wavelength range with λmax at around 
315 nm and 353 nm, respectively. Therefore, the presence of the 

Fig. 2. ATR-FTIR spectra of epoxidized soybean oil (ESO, red line), ESO formulation without tannin additive (ESO/0TA, blue line), tannic acid (TA green line), and 
ESO formulation with tannin additive (ESO/9TA, yellow line). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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polyphenolic compound determined, on one side, the enhancement of 
the cationic photopolymerization rate, but, on the other side, a delay in 
the initiation step. Moreover, although the amount of solvent in the 
coating system is low (Table 2), tpeak values can be also affected by the 
solvent content added in the formulation. An antagonistic effect 
occurred, since the tpeak decreased as the PC content increased. The 
higher PC amount in the formulation caused a viscosity reduction. 
Consequently, in a less viscous formulation, the chains had greater 
mobility and were more easily able to interact with the photoinitiator. 
google. 

Considering all the kinetic parameters assessed, TA concentration in 
the coating system increase corresponded with an increase in the 
number of OH groups, that could participate in the activated monomer 
mechanism. This explained the higher conversion degree of ESO/4TA 
and ESO/8TA than ESO/3TA and ESO/6TA formulations (Table 4), 
which were prepared with the 30 wt% TA solution and had the same 

ESO/TA weight ratios, respectively (Table 2). The photo-DSC analysis 
highlighted kinetic parameters of the formulations prepared with the 
same weight ratio but with different concentrations of the TA solution 
(ESO/3TA and ESO/4TA, ESO/6TA and ESO/8TA) comparable to each 
other, taking into account the standard deviations. However, the in-
crease in TA content in ESO/4TA, ESO/8TA and ESO/9TA formulations 
also implies greater absorption competition between TA and the pho-
toinitiator resulting in an increase in tpeak. Despite containing the 
highest TA content, ESO/9TA showed a lower tpeak than ESO/4TA and 
ESO/8TA formulations due to the higher PC content, which facilitated 
the interaction between the monomer and the photoinitiator. Therefore, 
as can be outlined from the kinetic parameters in the Table 4, ESO/3TA 
and ESO/4TA formulations showed higher values in the conversion 
degree, the polymerization rate, and the total enthalpy with minimum 
delays. 

Fig. 3. a) FTIR spectra recorded before (− pre, solid line) and after (− post, dash line) the irradiation; b) schematic representation of the cationic photopolymerization 
via epoxy-ring opening. 

Table 4 
Properties of crosslinked resins.  

Formulation Conversion degreea 

[%] 
tpeak 

[s] 
hpeak 

[W/g] 
ΔH 
[J/g] 

Tg 

[◦C] 
E’ 
[kPa] 

νc
b 

[mol/cm3] 

ESO/0TA 72 ± 2 10.3 ± 4.4 5.6 ± 1.2 171.7 ± 21.3 13 ± 3 14,428 ± 1698 1720 ± 190 
ESO/3TA 87 ± 1 13.3 ± 0.5 9.8 ± 1.2 332.0 ± 13.0 5 ± 3 3791 ± 417 462 ± 47 
ESO/4TA 93 ± 2 17.2 ± 0.9 8.1 ± 0.5 312.1 ± 5.9 7 ± 2 4272 ± 62 519 ± 10 
ESO/6TA 87 ± 1 16.1 ± 1.0 7.2 ± 3.2 279.6 ± 49.5 2 ± 1 1709 ± 165 215 ± 25 
ESO/8TA 94 ± 4 20.7 ± 0.6 5.4 ± 0.6 253.9 ± 21.9 4 ± 1 1779 ± 95 217 ± 12 
ESO/9TA 88 ± 2 17.0 ± 2.3 4.5 ± 0.2 195.3 ± 1.2 − 5 ± 2 877 ± 110 114 ± 8  

a Estimated after 90 s of UV irradiation according to Eq. (1). 
b Calculated by Eq. (2). 
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3.2. Thermal and viscoelastic properties 

Formulations based on ESO were UV-cured and analyzed by DMTA 
to thoroughly characterize their thermal and viscoelastic properties. 
Indeed, through this technique, the storage (E′) and dissipative (E″) 
moduli of the materials can be evaluated in a large temperature range as 
well as the glass transition temperature (Tg), corresponding to the 
maximum of tanδ. The registered tanδ curves of the UV-cured films are 
reported in Fig. 7a. By increasing the TA content in the resin, Tg 
decreased with a shift of the maximum of tanδ curves toward a lower 
temperature, ranging from 13 to − 5 ◦C (Table 4). According to the 
values outlined in Table 4, the crosslinking density (νc) decreased by 
increasing TA and hence PC amounts. As affirmed above, the activated 
monomer mechanism, which involves the multiple phenols of TA, causes 
a reduction of the crosslinking density due to the chain transfers and 
implies an increase in the mobility of polymeric chains, which is re-
flected by lower Tg values. Furthermore, the broader and flatter tanδ 
curve of 100 ESO suggested a more heterogeneous network with a wider 
distribution of chain relaxation [73]. 

3.3. Surface properties 

The surface properties of the UV-cured ESO and ESO/TA coatings on 

low-carbon steel substrates were investigated by contact angle and two 
types of hardness tests (pencil hardness and Leeb rebound hardness). 

The water contact angle values for all formulations are very similar 
to each other (Table 5). No decrease in the coating hydrophobicity was 
recorded with the addition of a high number of phenols to ESO-based 
resins. Hence, the tannin additive, which is hydrophilic per se, was 
present in the coating bulk and had no effect on the UV-cured film 
wettability. This is of relevance because the hydrophobicity of the 
coatings is required for protective and anti-corrosion actions. 

Concerning the coatings’ hardness, as shown in Table 4, the corre-
lation between νc and the final properties of the coatings is evident. The 
addition of TA solution to the ESO formulation decreased the surface 
hardness of the coatings, since the crosslinking reduction achieved by 
the TA addition diminished the rigidity of the network, as detected by Tg 
values. 

3.4. Adhesion performances 

The ability to firmly adhere to the substrate is a crucial property of a 
coating. Therefore, adhesion tests were performed on the differently pre- 
treated and coated steel samples. The pre-treatment effect on the 
interaction between the coating and steel surface and the potential 
application of TA as an adhesion promoter were assessed. Table 5 col-
lects the adhesion data of UV-cured coatings on the pickled or plasma- 
treated steel substrates evaluated according to the BS EN ISO 
2409:2020 classification. Within this empirical method, the capacity of 
coatings to remain adherent to the substrates is visually assessed and 
divided into 5 classes based on the percentage of coating affected by the 
detachment (Table 3). 

It can be noted that the ESO/0TA coating proved a very inadequate 
adhesion on the steel surface (with a value of 4 and 5, respectively, for 
the pickling and plasma pre-treated surface). Moreover, as shown in the 
optical microscope images of the samples after the adhesion test (Figs. 8 
and 9), the ESO/0TA coating was completely removed from the plasma 
pre-treated steel (Figs. 8a and 9a). ESO/0TA on the pickled steel 
(Fig. 8a) flaked only along the edges of the cuts while some squares 
detached partially or wholly. However, the addition of TA to the ESO- 
based coating outstandingly enhanced the adhesion property probably 
due to the tannin’s ability to coordinate iron ions (Fig. 10). Indeed, for 
all samples regardless of the pre-treatment, the coating adhesion 
significantly improved as the added TA amount increased. Therefore, as 
depicted in Fig. 10, TA could act as a “bridge” between the steel surface 
and the ESO coating. In detail, the ESO/TA coatings showed the best 
adhesion properties on the pickled steel (Fig. 8), where a cross-cut area 
lower than 5 % was affected and the edges of the cut were completely 
smooth. Concerning the coated plasma-treated samples, the ESO/3TA 

Fig. 4. Conversion of epoxy group as a function of time from real-time FTIR 
analysis of ESO/TA formulations changing the weight ratio of ESO/TA. 

Fig. 5. a) Photo-DSC thermograms for ESO/TA formulations with different ESO/TA weight ratios; b) scheme of the activated monomer mechanism, which involves 
ESO and TA. 
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Fig. 6. UV–Vis spectra of photoinitiator (blue dash line) and TA (red solid line). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 7. a) tanδ curves and b) storage (E′) modulus curves from DMTA analysis on the UV-cured ESO/TA formulations with different ESO/TA weight ratios.  
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and ESO/4TA coatings flacked along the edges and cut intersections, 
affecting a cross-cut area >5 % but lower than 15 %, as observed in 
Fig. 9b-c. Instead, thanks to the TA increase in the coatings (ESO/6TA, 
ESO/8TA, and ESO/9TA), the detachment of small flakes at the cut in-
tersections occurred on the plasma-treated samples with a cross-cut area 
lower than 5 % (Fig. 9d-f). 

Therefore, the metallic surface pre-treatment, together with the TA 
presence, affected the coating adhesion. The pickled surface was more 
reactive and allowed a stronger interaction with the coating, but the 
good results obtained with a physical and environmentally friendly 
technique, such as plasma, are of great interest. 

4. Conclusions 

The present study investigated tannic acid (TA) as an additive in UV- 
curable coatings based on epoxidized soybean oil (ESO) to promote 
adhesion on low-carbon steel substrates. Different TA contents were 
added to the photocurable formulation. The cationic photo-
polymerization efficiently provided crosslinked networks with a high 
degree of conversion. In particular, the real-time FTIR and photo-DSC 
analyses proved that the TA addition to ESO formulations significantly 
enhanced the conversion thanks to a chain-transfer process, named the 
activated monomer mechanism, which involves the multiple phenols of 
TA. However, due to this mechanism, a reduction of the crosslinking 
density occurred as the TA amount increased. Indeed, the TA presence 
decreased the thermo-mechanical properties and the hardness of the 
coatings. Despite that, the very low wettability of coatings was not 
affected by TA, which was present in the bulk of the coating. Regardless 
of the type of pre-treatment, an outstanding enhancement of the adhe-
sion of ESO/TA coatings was observed. Furthermore, the effect of the 
type of steel surface pre-treatment on the ESO/TA coatings adhesion 
performances was investigated. The best adhesion was found for the 
pickled steel samples with the TA additive in the coating in different 
amounts. The adhesion on the steel of coatings with the greater amount 
of TA, pre-treated with the safer and more environmentally friendly 
plasma technique than the pickling process, proved particularly 
enhanced compared to ESO/0TA. The noteworthy adhesion improve-
ment can be attributed to the multiple phenols of TA, that are able to 
coordinate iron ions and thus act as a “bridge” between the metallic 
surface and the photocrosslinkable epoxy-based coating. Therefore, this 
work demonstrates the possibility of achieving sustainable and green 
photocrosslinked bio-based coatings with enhanced adhesion on steel 

Table 5 
Surface properties and adhesion performances of UV-cured coatings.  

Formulation Contact 
angle 
[◦] 

Pencil 
hardness 

Leeb 
hardness 

Adhesion 
test – 
pickling pre- 
treatmenta 

Adhesion 
test – 
plasma pre- 
treatmenta 

ESO/0TA 85.4 ±
0.7 

4H 324 ±
93  

4  5 

ESO/3TA 84.7 ±
2.4 

3H 288 ±
58  

1  2 

ESO/4TA 85.2 ±
0.4 

F 248 ±
55  

0  2 

ESO/6TA 85.9 ±
2.7 

H 242 ±
65  

0  1 

ESO/8TA 86.1 ±
0.8 

F 213 ±
36  

0  1 

ESO/9TA 86.1 ±
0.3 

HB 200 ±
45  

0  1  

a Classification according to BS EN ISO 2409:2020 standard. 

Fig. 8. Digital photos and optical images (20×) after the adhesion test of pickled steel samples coated by a) ESO/0TA, b) ESO/3TA, c) ESO/4TA, d) ESO/6TA, e) 
ESO/8TA and f) ESO/9TA. 

Fig. 9. Digital photos and optical images (20×) after the adhesion test of plasma-treated steel samples coated by a) ESO/0TA, b) ESO/3TA, c) ESO/4TA, d) ESO/6TA, 
e) ESO/8TA and f) ESO/9TA. 
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thanks to a natural tannic additive. Future outlook may include an 
optimization of plasma treatment conditions to improve the adhesion 
efficiency of the bio-based coating and achieve a completely eco-friendly 
system, that avoids harmful chemicals both in steel pre-treatment and in 
coating production. 
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[40] J. Gust, J. Suwalski, Use of Mössbauer spectroscopy to study reaction products of 
polyphenols and Iron compounds, Corrosion 50 (1994) 355–365, https://doi.org/ 
10.5006/1.3294344. 

[41] G. Matamala, W. Smeltzer, G. Droguett, Use of tannin anticorrosive reaction primer 
to improve traditional coating systems, Corrosion 50 (1994) 270–275, https://doi. 
org/10.5006/1.3294333. 

[42] T.S. Sileika, D.G. Barrett, R. Zhang, K.H.A. Lau, P.B. Messersmith, Colorless 
multifunctional coatings inspired by polyphenols found in tea, chocolate, and 
wine, Angew. Chem. Int. Ed. 52 (2013) 10766–10770, https://doi.org/10.1002/ 
anie.201304922. 

[43] C. Byrne, O. D’Alessandro, G.J. Selmi, R. Romagnoli, C. Deyá, Primers based on 
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