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ARTICLE INFO ABSTRACT

Handling Editor: Meisam Tabatabaei Bio-based lacquers prepared from an underutilized tomato processing residue such as pomace have been
investigated as sustainable alternatives to bisphenol A (BPA)-based coatings for metal food packaging. The

Keywords: fabrication methodology consisted of a two-step process: spray-coating of a paste of the lipid fraction of tomato

Bio-based lacquer pomace with a mixture ethanol:H,0 (3:1, v:v) on common metal substrates, used for food canning, such as

Food canning
Tomato pomace
Circular bioeconomy
Life cycle analysis
Metal packaging

aluminum (Al), chromium-coated tin-free steel (TFS), and electrochemically tin-plated steel (ETP), followed by
the self melt-polycondensation of such lipid fraction. The polymerization reaction was conducted at 200 °C for
different times (10, 20, 30, 40, 50, and 60 min) and was monitored by specular infrared spectroscopy, resulting
in maximum degrees of esterification of ~92% for Al and ~85% for TFS and ETP substrates. The anticorrosion
performance of the coatings was studied by electrochemical impedance spectroscopy at different immersion
times (time intervals of 2-5 h during an overall stability test up to 170 h) in an aqueous solution of 1 wt% NacCl.
The degree of polymerization and the physical properties of the coatings showed a strong dependence on the
metal substrate used. In general, the best results were found for tomato pomace-based lacquers applied on
aluminum, achieving higher mechanical strength (critical load of 1739 + 198 mN for Al, 1078 + 31 mN for ETP,
and 852 + 206 mN for TFS), hydrophobicity (water contact angle ~95° for Al, ~91° for ETP, and ~88° for TFS),
and improved anticorrosion performance (coating resistance of 0.7 MQcm? after 170 h of immersion for Al, 0.7
MQcm? after 70 h of immersion for TFS, and negligible coating resistance for ETP). In view of the technical
innovation proposed in the present paper, the estimation of the environmental sustainability of the process has
been considered relevant to fit the circular economy target. For this purpose, a life cycle analysis (LCA) was
applied to the overall process, revealing multiple advantages for both the environment and human health.

1. Introduction fact, the worldwide annual petroleum-based plastic production is ~360
Mt, a value that is a serious threat to the environment, if one considers

Common, non-renewable plastics from fossil resources are ubiqui- their persistence in marine and terrestrial ecosystems, their presence as
tous materials that can be found in almost all everyday commodities. In microplastics and the release of toxic components in the food chain as

* Corresponding author.
** Corresponding author.
E-mail addresses: benitez@icmse.csic.es (J.J. Benitez), ja.heredia@csic.es (J.A. Heredia-Guerrero).

https://doi.org/10.1016/j.jclepro.2022.135836
Received 10 October 2022; Received in revised form 14 December 2022; Accepted 30 December 2022

Available online 31 December 2022
0959-6526,/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:benitez@icmse.csic.es
mailto:ja.heredia@csic.es
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2022.135836
https://doi.org/10.1016/j.jclepro.2022.135836
https://doi.org/10.1016/j.jclepro.2022.135836
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2022.135836&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

J.J. Benitez et al.

well as the high environmental impact of fossil resources extraction and
processing (Otoni et al., 2021; PlasticsEurope, 2021). Data from 2020
report that, in Europe, ~40.5% of plastics were used for packaging
(mostly food packaging), mainly for single-use products with short
service life and thrown away in a linear “take-make-dispose” economy
model (PlasticsEurope, 2021). Moreover, due to the growing population
of our planet and the consequent higher demand for convenience foods
in urban areas, an increasing production of food packaging materials is
expected. In this regard, it is important to emphasize that the use of food
packaging is essential for transporting, storing, handling, and preserving
food by increasing its shelf life while safely keeping its nutritional value
and organoleptic properties.

Metal packaging plays a key role protecting canned food against
physical, chemical, and microbiological deterioration for long periods
(Deshwal and Panjagari, 2020). Most used metals for can fabrication are
aluminum (Al), coated steels (e.g. chromium-coated tin-free and elec-
trochemically tin-plated steels, shortened as TFS and ETP, respectively),
and stainless steels (Debeaufort, 2021). However, depending on the
chemical nature of the metal and the canned food, these metals need to
be protected with an inner polymer coating or lacquer to avoid corrosion
and the release of toxic substances. Until now, bisphenol A (BPA)-based
lacquers have been massively used as can coating. BPA lacquers are
epoxy resins produced by the reaction between epichlorohydrin with
bisphenol A in the presence of sodium hydroxide. The global volume of
these epoxy resins for the production of BPA-based lacquers reached
~0.35 million tons in 2021 (ECHEMI, 2021; PlasticsEurope, 2022). The
choice of these epoxy resins is based on their excellent anti-corrosion
behavior, mechanical robustness, thermal stability, chemical inertness,
easy processability, and low price (Pham and Marks, 2005). In addition,
they retain their physical and chemical properties for long periods of
storage and under harsh conditions. Nevertheless, BPA presents impor-
tant sustainability and health concerns. On one hand, the BPA synthesis
is dependent on fossil resources and consists of the bulk condensation of
phenol and acetone catalyzed by ion exchange resins and promoted by
mercapto-group containing compounds (Ma et al., 2016; Prokop et al.,
2004). On the other hand, the release of BPA molecules from epoxy
resins to canned food and their intake has been related to problems
during sexual development, metabolic dysfunctions, and neuro-
developmental and immune disorders due to the disruption of the es-
trogen biochemical pathways (Tassinari et al., 2020). As a consequence,
many governments (e.g. Canada, European Union, among others) have
limited or banned its use. To avoid these restrictions, many manufac-
turers are using alternative substances, such as bisphenols F and S,
although their innocuousness for human health is also questioned
(Fouyet et al., 2021).

The quest of innocuous, sustainable, and economically viable alter-
natives to BPA-based lacquers is an important objective of the chemical
industry. Most of them are based on partial bio-based versions of com-
mon can coatings (i.e. oleoresins, phenolics, acrylics, vinyls, and other
types of epoxies), although they do not meet all technical requirements
and only can be used for specific foodstuffs (Bomgardner, 2013;
Simal-Gandara, 1999). In a circular bioeconomy context, fully bio-based
polymers are presented as an attractive option, since they can replace
petroleum-based plastics as safe and environmentally friendly sub-
stitutes. Furthermore, bio-based and biodegradable polymers from
renewable resources that are not used for food or animal feed are an
interesting alternative for the fabrication of bioplastics in terms of
environmental impact, although other uses such as biofuel production or
biomedical materials preparation, by conventional or innovative
methodologies, can be also considered (Hamzah et al., 2022). This is the
case of many food by-products and wastes such as bagasse, husks, peels,
etc. generated as residues in food processing (Tsang et al., 2019). In
recent years, tomato pomace (the resultant by-product of industrial to-
mato fruit processing) has been used for the preparation of animal feed,
food ingredients, absorbent materials, and biofuels as well as a source of
bioactive compounds (Lu et al., 2019). In particular, tomato pomace
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extracts have found applications in cosmetics (Vasyliev et al., 2022),
food packaging (Andres et al., 2017), and anticorrosion uses (Vorobyova
and Skiba, 2022). These extracts are rich in polar compounds, while
non-polar ones are not frequent. In addition, this by-product has been
also upcycled for the production of bio-based polymeric materials
(Maraveas, 2020). For instance, pectin (Namir et al., 2015; Zhang et al.,
2020) and cellulose (Pirozzi et al., 2022) from tomato pomace have been
extracted and used for biodegradable polymer production. The lipid
fraction of this by-product (mainly formed by cutin, an aliphatic poly-
hydroxylated polyester, whose main monomer is the 10,16-dihydroxy-
hexadecanoic acid, from the peels and unsaturated fatty acids such as
oleic and linoleic acids from the seeds) has been also used for the
fabrication of functional materials such as films (Benitez et al., 2018;
Heredia-Guerrero et al., 2017), coatings (Guzman-Puyol et al., 2021),
composites (Aloui et al., 2019; Heredia-Guerrero et al., 2017), oligomers
(Escorcio et al., 2022), etc. In this sense, tomato pomace can be envis-
aged as an accessible and cost-effective source of fatty acids and
hydroxyacids competing with other extractions or synthetic pathways
because simple, high-yield and scalable industrial processes such as
hydrolysis/neutralization are solely required.

In this work, we report the fabrication of bio-based coatings that can
be used as inner protective lacquers of cans. For this, an inexpensive and
underutilized agro-food residue, such as the tomato pomace, has been
upcycled and its lipid fraction extracted, processed and polymerized on
different metal substrates (i.e. Al, TFS, and ETP). The chemical (degree
of polymerization), morphological (surface texture), and physical
(water-contact angle, surface energy, and mechanical and anti-corrosion
properties) features of these coatings were characterized and the role of
the metal substrate elucidated. Physical properties were compared with
those of common petroleum-based plastics and bio-based polymers used
in food packaging as well as resins and lacquers utilized in metal
packaging. In a wider perspective, the sustainability of the proposed
methodology of fabrication was determined by life cycle analysis (LCA).
The evaluation by LCA had multiple objectives: the quantification of the
environmental improvements, compared to previous treatments
described for the production of bio-based polymers by hydrolysis of
tomato pomace (Amato et al., 2021; Benitez et al., 2018), the compar-
ison with the baseline scenario, including the most common ways of
tomato residue management as a waste, and the analysis of the envi-
ronmental burden related to the process stages.

2. Materials and methods
2.1. Materials

Tomato pomace was supplied by “Conservas Martinete S.A.” located
at Puebla de la Calzada, Badajoz, Spain. It is obtained as the residue of
the processing of four-lobulated industrial tomato fruits. NaOH (>99%),
HCI (37%), and ethanol (96%) were purchased from Merck and used
without additional purifications. Water was Milli-Q (Millipore) grade.
Aluminum (Al), chromium-coated tin-free steel (TFS), and electro-
chemically tin-plated steel (ETP) were kindly provided by Akzo Nobel
Coatings S.L, Spain.

2.2. Extraction of the lipid fraction of tomato pomace

The lipid fraction of tomato pomace was isolated following the
methodology described elsewhere (Benitez et al., 2018) with some
modifications. First, wet by-products after tomato crushing at the fac-
tory were sun-dried in situ for 2-3 days and stored in hermetic plastic
bags until further drying (4 h later) at 60 °C for 16 h in an oven. Then,
the residue was ground with a rotor mill equipped with a stainless steel
sieve ring with 0.08 mm trapezoidal perforations. After, 3 g of dried and
ground tomato pomace was heated under reflux at 100 °C for 4 h in 75
mL of a 1 M NaOH aqueous solution. The non-hydrolysable residue,
obtained after the alkaline treatment, was separated by filtration. The
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monomeric mixture was recovered from the hydrolysis filtrate by acid-
ification with a 37% HCI aqueous solution until pH 3. The precipitate
was separated by filtration and re-dispersed in water for three times to
remove the NaCl residues. The final product, ~32% of the dry tomato
pomace, was isolated by filtration and dried at 60 °C for 16 h in an oven.

2.3. Coating preparation

A sprayable paste was generated by blending 1 g of the lipid fraction
of tomato pomace with 1 mL of a mixture ethanol:H,0 (3:1, v:v) at 50 °C
for 5 min in a hot-plate. Then, such a paste was quickly sprayed by hand
using an airbrush (0.5 mm nozzle) on previously cleaned square metal
substrates (4.5 x 4.5 cmz) until a lipid surface concentration of 0.6 mg/
cm?. Air pressure and paste flow were adjusted to obtain a visually
continuous and flat layer. The coating was dried at room temperature
and the polymerization by melt-polycondensation was conducted at
200 °C at times ranging from 10 to 60 min inside an air-forced oven.
Considering the density (~1.1 g/cm®) of this type of polyesters (Tede-
schi et al., 2020), the substrate area and the weight different between
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coated and non-coated substrates, the thickness was estimated to be 5-6
pm.

A schematic representation of the whole process, comprising the
extraction of the lipid fraction and the coating fabrication, is displayed
in Fig. 1A.

2.4. Morphological characterization

The morphology of the coatings was observed by Scanning Electron
Microscopy (SEM) by using a JEOL JSM-6490LA microscope, operating
in high vacuum mode and acceleration voltage of 15 kV. Samples were
previously covered with a thin film of gold ~10 nm thickness by using a
JEOL ION SPUTTER JFC 1100. The motif’s diameter was calculated with
ImageJ 1.52a software. Basically, the SEM images were loaded into the
software and the motif’s diameter was measured using a two-point
measuring analysis. One hundred measurements were taken to calcu-
late the diameter distribution.

Fig. 1. A, schematic representation of the fabrication
process of the tomato pomace-based lacquers for
metal packaging. First, tomato fruits are processed to
prepare different tomato products (e.g. sauces, soups,
ketchup, etc.). The resulting by-product, namely to-
mato pomace, is hydrolyzed in basic media and the
corresponding hydroxylated and unsaturated fatty
acids from peels and seed, respectively, are extracted.
These molecules are solved in a mixture of water and
ethanol and sprayed on a metal substrate. Finally, a
bio-based polyester is prepared by melt-
polycondensation. B, system boundaries considered
for the LCA.
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2.5. Chemical analysis

Coatings were chemically characterized by FT-IR spectroscopy using
a specular reflectance accessory (Smart SpeculATR, Thermo Scientific)
coupled to a Nicolet iS50 spectrometer and equipped with a DLaTGS
detector. The equipment was continuously purged with dry N5 to reduce
the contribution of ambient CO; and water. The analysis area was ~3.1
cm?, which ensured high signal levels and sample representativeness.
Fifty scans were accumulated at 4 cm™! resolution and clean metal
supports were used as backgrounds. Data acquisition and processing
were performed with the OMNIC 9 (Thermo Scientific) software pack-
age. Band fitting of G=0 components (1800-1650 cm ') was carried out
by using the PeakFit 4.11 software. Wavenumber positions of the
different components (i.e. free ester groups, esters interacting by H-
bonds, and carboxyl groups) were determined by calculation of the
second-order derivative. Deconvolution was performed using Gaussian
shape with an amplitude threshold of 3%. A non-linear least-square
method was employed to reduce the differences between the calculated
spectra and the original one.

2.6. Delamination resistance

The adhesion of the coatings on the three different substrates was
determined by scratch tests on a MicroCombi system (Anton Paar),
equipped with a spheroconical Rockwell tip (radius = 100 pm).
Delamination resistance was measured through scratch tests with
increasing load, from 30 to 5000 mN, through a lateral displacement of
2 mm. During the test, lateral force and tip penetration were recorded.
After each test, the critical loads for the onset of visible mechanisms of
damage were detected with the built-in microscope. Three different
measurements were conducted for each sample.

2.7. Wettability

The wettability of the coatings was determined by using a contact
angle DataPhysics OCA 200 goniometer and measuring the corre-
sponding static water contact angles (W-CA) at room conditions. Milli-Q
water droplets of 5 pL volume were deposited on 10 different places of
each surface and their lateral images captured. After 2 min (to reach the
equilibrium), the water contact angles were determined by SCA 20
software. The surface free energy of the biocomposites was estimated by
calculations from the Owens, Wendt, Rabel & Kalble (OWRK) method
(Owens and Wendt, 1969) applied at two solvents (water and diio-
methane, Table S1) (Strom et al., 1987), as reported elsewhere (Tedeschi
et al., 2018).

2.8. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was employed to
evaluate the anticorrosion performance of the coatings by using a
homemade electrochemical cell in a two-electrode configuration, in
which the coated metal substrate was the working electrode and a Pt
mesh served as a counter electrode. A cylindrical glass tube with an O-
ring seal was clamped to the coated samples under test. A sample area of
1 cm? was exposed to an aqueous solution of 1 wt% NaCl. The choice of
this corrosive medium is based on the corrosive behaviour of chloride-
containing salts and on the fact that NaCl is widely used as an addi-
tive in canned foods (Morselli et al., 2021; Upadhyay and Battocchi,
2016). A Solartron 1260 frequency response analyzer was used for the
electrochemical impedance measurements in the frequency range from
5 x 1072 to 10° Hz (8 point per decade), using an ac amplitude of 50 mV
at open circuit voltage. The impedance spectra were acquired in time
intervals of 2-5 h during an overall stability test up to 170 h. For com-
parison purposes, the unprotected metal substrates were also studied
under identical experimental conditions. The impedance spectra were
analyzed by equivalent circuit models with ZView software (Scribner
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Associates) to determine the resistance and capacitance of the different
processes occurring at the metal/coating interface.

2.9. Life cycle analysis (LCA)

A Life Cycle Assessment methodology was applied in agreement with
the LCA ISO standard 14040 and 14044:2006 (“ISO 14044:2006 Envi-
ronmental management — Life cycle assessment — Requirements and
guidelines,” 2006, UNI EN ISO 14040: 2006. Environmental management —
life cycle assessment — principles and framework., 2006). The software used
for data collection was Thinkstep Gabi 9.2.1.68, combined with the
Database for Life Cycle Engineering. The method selected for the anal-
ysis, which included the classification and characterization steps, was
Environmental Footprint 3.0, including all environmental categories,
recommended models at midpoint, together with their indicators, units
and sources (Commission, 2012; Zampori and Pant, 2019). The func-
tional unit chosen for the process analysis was 4 kg of wet tomato
pomace that resulted in 1 kg of dried tomato pomace, after drying. The
system boundaries considered for the present study have been summa-
rized in Fig. 1B.

Some assumptions were taken for the analysis. The electricity con-
sumption was halved compared to the lab scale machines demand, on
average more energy-intensive that industrial ones. This assumption
allowed to include the possible reduction of environmental impact
associated with the process scale-up (from TRL4), as discussed else-
where (van der Hulst et al., 2020). Thus, in a context of circular econ-
omy, the electricity production by photovoltaic resources can be
hypothesized. This assumption was considered realistic in view of the
common installation of photovoltaic systems on industrial buildings and
the high solar radiation availability in the areas of tomato cultivation
and processing. Regarding the spray deposition step, the recovery of
50% of ethanol was hypothesized (after the vapor condensation). Ma-
terial and energy balances related to this innovative scenario are re-
ported in Table S2, following the experimental results. The benefit of the
resulting resin was quantified as the credit for the avoided primary
production of a traditional epoxy resin. Regarding the comparison sce-
nario, the environmental impacts were extracted by the results
described by Amato et al. (2021). For the baseline scenario, the use of
tomato pomace for biogas production was considered (Boccia et al.,
2019). As an alternative to the biogas production, the effect of the CO4
emissions from the residue incineration (without energy recovery) was
assessed since it is a common practice in agriculture (Nguyen et al.,
2019). Additional alternatives such as the disposal in landfilling sites
(Cuccolini et al., 2013; Grassino et al., 2016) and the production of
animal feed, which represent extra-costs and an environmental concern
for the tomato processing industry (Silva et al., 2019), have been
excluded, as previously highlighted in the GRASCIARI RIUNITI Project
(Amato et al., 2021).

3. Results and discussion
3.1. Chemical characterization of the coatings

The melt-polycondensation reaction between the fatty acids (mainly,
10,16-dihydroxypalmitic acid, see Table S3) of the lipid fraction of the
tomato processing by-products was characterized by specular reflec-
tance infrared spectroscopy, Fig. 2. This technique is indicated for the
analysis of coatings due to the large areas that can be tested and the
adequate penetration depth of the beam. Moreover, the signal is quan-
titative when expressed as log (1/R), i.e. the logarithm of the inverse of
the relative reflectance (Benitez et al., 2020). The reaction was moni-
tored each 10 min up to a maximum of 60 min, maintaining a constant
temperature of 200 °C. Fig. 2A shows some representative spectra cor-
responding to the coatings on Al, ETP, and TFS at 10, 30, and 60 min,
respectively. As a reference, the IR spectrum of the lipid fraction
extracted from tomato pomace is included. Main bands of the lipid
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fraction were assigned as follows: O-H stretching mode at 3327 cm ™2,

asymmetric and symmetric CHy stretching modes at 2922 and 2850
em ™}, respectively, C=O stretching mode of carboxyl groups at 1703
cm’l, CH, deformation mode at 1464 cm’l, and CH> rocking mode at
721 em™! (Heredia-Guerrero et al., 2019). In addition, several bands of
medium and low intensity between 1350 and 800 cm ™' were associated
with the “progression bands”, a set of twisting and wagging vibrations of
methylene groups caused by the zig-zag crystalline packing of aliphatic
chains (Bellamy, 1980; Snyder and Schachtschneider, 1963). Some
changes were observed in the spectra of bio-based coatings: a decrease of
the O-H stretching and deformation (1050-1100 cm™!) modes of pri-
mary and secondary hydroxyls, a shift of the C=O0 stretching mode at
~1728 and ~1713 cm ™! (attributed to free and H-bond interacting ester
groups, respectively), the apparition of new bands at 1249 and 1176
cm ! (that are attributed to C-O-C stretching modes of ester groups), and
the disappearance of the progression bands. This is indicative of a
consumption of hydroxyl and carboxyl groups to result in ester bonds in
an amorphous polymer matrix. In addition, it is expected the formation
of oxidized species from unsaturated fatty acids in presence of oxygen
and at this high temperature of polymerization (200 °C), although they
are not detected by specular infrared spectroscopy.

To determine the degree of esterification, the spectral region be-
tween 1800 and 1650 cm™!, that is corresponded with the C=0
stretching mode of COOR and COOH groups, was deconvoluted
considering three contributions: carboxyl, free ester, and H-bond inter-
acting ester groups. As a representative example, the fitting for the
coating on aluminum prepared at 200 °C for 60 min is displayed in
Fig. 2B. Fig. 2C reports the percentages of the above mentioned con-
tributions plus the COORt (i.e. total esters or the sum of the % of free and
H-bond interacting ester groups) calculated from the infrared spectra of
the three coating series on Al, TFS and ETP substrates. In general, the
percentage of carboxylic acids decreased with heating time, while total

esters increased, indicating a consumption of COOH groups to form
esters. For TFS and ETP, the percentages of free and H-bond interacting
esters were very similar (~40%), whereas for Al COOR and COOR---HO
inversed the percentages (~30 and ~50%) between 10 and 30 min of
reaction. In addition, the profile of %COORt with the time depended on
the metal substrate used. In the case of Al, the percentage of total ester
increased progressively from ~80% at 10 min to ~94% at 60 min. For
TFS, the %COORt increased from ~69% at 10 min to ~82% at 20 min
and, then, slowly reached ~85% at 60 min. Finally, for the coatings on
ETP, the %COORt was ~80% in the 10-30 min interval and then
increased to ~85% for 40-60 min. The higher %COORt in Al substrates
can be related to a better removal of water molecules during the poly-
condensation in comparison with ETP and TFS. In fact, water presents a
high affinity for the Al,Oy passivation layer on the Al substrate, being
adsorbed by O-vacancy defects through a dissociative mechanism that
induces the formation of hydroxyl groups (Deng et al., 2008). Interest-
ingly, the ester conversion is higher than the one observed for poly-
aleuritate (viz. the polyester derived from the polycondensation of
aleuritic or 9,10,16-trihydroxypalmitic acid) coatings prepared on the
same substrates and similar conditions (Benitez et al., 2020). In these
cases, the highest percentages of total ester were close to 60-70%,
depending on the metal substrate used. The better polymerization of the
lipid fraction of the tomato pomace can be attributable to a more
effective water removal due to the fluidity of the system caused by the
lubricity of unsaturated fatty acids and a higher hydrophobicity as a
consequence of a lower number of hydroxyl groups per molecule when
compared to aleuritic acid.

The coatings on the metal substrates were examined by SEM, Fig. 3.
In all cases, a smooth coating surface with randomly distributed
micrometric particles were observed. Particle size distribution was more
homogenous on Al and TFS coatings, while on ETP the particles
agglomerated in some regions, Fig. 3A-C. In addition, the coating on
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Fig. 3. A, B, and C, lower (left) and higher (right) magnifications of SEM top-view images of the tomato pomace-based coatings on Al, ETP, and TFS, respectively.
Scales bars: left — 50 pm, right — 5 pm.
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ETP also showed globules of a few tens of microns, Fig. 3B at left. The
diameter of the microparticles was evaluated and showed a narrow
diameter distribution with averages of (0.9 + 0.3) and (1.0 + 0.3) pm
for ETP and TFS, respectively. Those on Al exhibited a broader distri-
bution of values whose average was (1.3 + 0.6) pm.

The surface of analogous pure aleuritate coatings on these supports
showed a more continuous and crystalline texture (Benitez et al., 2020),
while in the coatings from the lipid fraction of tomato pomace, the
amorphous underlying phase is better observed. This can be caused by
the heterogeneous composition of the tomato pomace extract that led to
structurally unmatched mixed structures, forming a disordered poly-
ester matrix. In addition, and if compared to aleuritic acid, the esteri-
fication of the tomato pomace extract is faster. The reason for such a
difference can be due to the reaction displacement caused by a better
removal of water molecules from a more hydrophobic and fluid medium,
as considered above for the infrared analysis. These same factors facil-
itate the segregation of the more highly hydroxylated components of the
monomeric mixture and their slower esterification on top of the amor-
phous matrix, giving rise to the observed particles in the SEM images.
Such a diffusion process is hindered by the faster development of the
amorphous phase and justify the lower concentration of particles on
substrates with the higher efficiency towards the esterification (Al >
TFS > ETP).

3.2. Physical characterization of the coatings

The wettability and the surface energy of the coatings were evalu-
ated by determining the water-contact angle (W-CA), Fig. 4. Fig. 4A at
left shows the W-CA values of the coatings prepared at 200 °C for 60 min
on the different metal substrates: ~95° for Al, ~91° for ETP, and ~88°
for TFS. All these values are typical of hydrophobic materials. The dif-
ferences among them, considering a similar surface morphology, can be
ascribed to the degree of polymerization. A higher polycondensation
rate is indicative of a lower presence of polar groups such as carboxyls
and hydroxyls that decrease the hydrophobicity. In fact, a linear
dependence with a good adjustment (R? = 0.9828) was observed when
the W-CA values are plotted as a function of the %COORt, Fig. 4A at
right. Such an argument is completed with the effect of the lower con-
centration of polyhydroxyester particles on the surface of coatings
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formed at higher rate. These W-CAs were compared with those reported
in the literature for several petroleum-based plastics such as poly-
ethylene terephthalate or PET, high- and low-density polyethylene or
HDPE and LDPE, respectively, and oriented polypropylene or OPP
(Mirabedini et al., 2007; Westerdahl et al., 1974) and biodegradable
polyesters, for example polylactide or PLA, poly-3-hydroxybutyrate or
P3HB, and polycaprolactone or PCL typically used in food packaging
(Heredia-Guerrero et al., 2019; Morselli et al., 2021) as well as other
lacquers and resins (e.g. acrylic, polyester, and epoxy resins) employed
in metal packaging (Pajarito et al., 2018; Pilch-Pitera, 2014). All coat-
ings fabricated from the tomato pomace extract showed W-CAs higher
than commercial lacquers and resins. The coatings on TFS and ETP
presented values close to P3HB, while the one on Al exhibited a WCA
similar to polypropylene, both types of polyethylene, and
polycaprolactone.

The surface energy of the bio-based coatings and its dispersive and
polar contributions were also determined, Fig. 4C. The surface energy of
the coating on the Al substrate was ~34 mN/m, while for those on TFS
and ETP the value increased to ~44 mN/m, indicating a higher wetta-
bility. The dispersive component was almost the totality of the surface
energy, with negligible contribution of the polar component, a behavior
typical of aliphatic polymers. Similarly to the water-contact angles,
these surfaces energies were compared with those of other petroleum-
based and bio-based polymers (e.g. PLA, OPP, LDPE, HDPE, PCL,
P3HB, and PET) as well as lacquers and resins (e.g. acrylic and aromatic
polyester resins and bisphenol-A diglycidyl ether or BADGE). The
coatings on TFS and ETP were located between PET and BADGE in the
region with higher values. On the other hand, the coating on Al was in
the middle with values similar to the aromatic polyester and acrylic
resins.

The resistance of the coatings fabricated at 200 °C during 60 min to
deformation or removal by accidental localized contact was evaluated
by scratch tests, Fig. 5. Different damage mechanisms in ETP and TFS
samples as compared with Al were observed, Fig. 5A and B. The formers
showed chipping of the coating, starting from radial cracks, while the
latter displayed only substrate exposition from plunging. For this change
of mechanism, ETP and TFS samples yielded similar critical loads (1078
+ 31 mN and 852 + 206 mN, respectively), while the value on Al was
significantly higher, 1739 + 198 mN. This behavior can be related with
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Fig. 5. Scratch test images corresponding to the coatings on, A, TFS and, B, Al substrates. C, linear relationship between the critical load and the percentage of

total esters.

the degree of polymerization that determines the mechanical properties
of a polymer, Fig. 5C. In fact, there is a linear correspondence (with a R2
= 0.9672) between the critical load of the coatings and their %COORt.

EIS measurements provide information on the protective properties
of the coating and the electrochemical processes occurring at the
coating/metal interface (Amirudin and Thieny, 1995; Mansfeld, 1995).
Examples of Nyquist plots for uncoated and coated Al substrates at
different immersion times in NaCl are shown in Fig. 6A and B, respec-
tively. The different contributions of the impedance data were analyzed
by equivalent circuit models reported in the literature for uncoated and
polymer coated metals, as shown in Fig. 6C and D, respectively. A dry
polymer coating behaves like a dielectric layer before immersion.
However, they are not usually perfect barriers against a corrosive me-
dium due to water uptake or penetration. In general, the water
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permeability decreases for those organic coatings with higher density
and cross-linked structures due to limited paths for diffusion. In these
equivalent circuits, R; represents the solution resistance and R, corre-
sponds to the coating and pore resistance associated with the formation
of conducting paths across the coating. R is the charge polarization
resistance at the metal/coating interface at which corrosion occurs and
Qg is the corresponding double layer capacitance. Since the different
processes in the Nyquist plots are depressed semicircles, the ideal ca-
pacitances are replaced by constant phase elements Q that account for
non-uniform and geometrical effects of the coating and substrate such as
time constant variations, mass transfer processes, and other deviations.
Thus, the real capacitance C is determined using the following equation
(Irvine et al., 1990), Equation (1):

Cc .
solution
corrosion
layer
D
% R, solution
coating
F 10°
o“.*s- C,, /Al uncoated
r
£ il
P
10° :—G
=
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w 107 g
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Fig. 6. Nyquist plots at different immersion times for, A, uncoated and, B, coated Al substrates. Equivalent circuit models used for the analysis of EIS data of, C,
uncoated and, D, coated substrates. E, variation of the coating resistance R, and charge transfer resistance R, for the coated and uncoated Al substrates, respectively.
F, variation of the coating capacitance C, and double layer capacitance Cy for the coated and uncoated Al substrates, respectively.
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(RQO)l/n
R

C= 1)
where Q, is the pseudocapacitance and n is the corresponding expo-
nential coefficient to consider the non-ideal capacitive behavior.

The Nyquist plots for the uncoated Al substrate at the beginning of
the durability test showed a semicircle assigned to a charge transfer
reaction at the metal/solution interface, Fig. 6A. A second contribution
appeared at the low frequency range after several hours of immersion
into the NaCl solution due to the formation and ion migration through
an oxide layer, which could be simulated by a Warbung diffusion phe-
nomena or alternatively by a constant phase element Qg (Caldona et al.,
2020; El hadad et al., 2020). Such a corrosion layer became thicker over
immersion time, initially resulting in an increase of both the charge
transfer resistance R, and double layer capacitance Cq at the electro-
lyte/metal interface, Fig. 6E and F. However, this corrosion layer is not
stable after prolonged immersion times, resulting in delamination with a
remarkable reduction of Ry, inset in Fig. 6E.

The Nyquist plots of Al coated substrate displayed a semicircle at
high frequency, assigned to the coating resistance, and a loop a low
frequency related to electrode processes at the metal interface. The
properties of the charge transfer processes were not correctly deter-
mined by using the equivalent circuit of Fig. 6D because an incomplete
semicircle was observed at low frequency, which resulted in R values
higher than 10'® Qcm?, thus this component approached to infinite
impedance. This fact allowed to simplify the equivalent circuit by
removal the R, element in Fig. 6D. As observed in Fig. 6E, the coating
resistance decreased slightly over time from ~1 MQcm? at the initial
state of the durability test to 0.7 MQcm? after 170 h. Such a behavior
was associated with water penetration into the coating, which was
accompanied by an increase of the coating capacitance from 2.3 to 3.2
nF cm’z, Fig. 6F (Amirudin and Thieny, 1995; Mansfeld, 1995). How-
ever, it is worth noting that the coating structure remained stable over
time without the presence of delamination or pilling corrosion, as shown
in the inset of Fig. 6E.

In the case of the unprotected TFS substrates, the charge transfer
process increased rapidly after only several hours of immersion due to
the corrosion products deposited on the metal surface, Fig. S1. In
addition, the electrolyte resistance R, decreased from 83 to 20 Qcm?
after 24 h of immersion due to the presence of released ions into the
electrolyte solution, which are clearly visible during the stability test,
inset of Fig. S1C. The coated TFS substrate exhibited two electro-
chemical processes in the Nyquist plots and the data were adequately
fitted by using the equivalent circuit of Fig. 6D. The coating resistance
decreased from 0.8 to 0.7 MQcm? after 70 h of immersion due to water
uptake as previously commented, Fig. S1C. Interestingly, the parameters
associated with the corrosion of the metal substrate and the electro-
chemical double layer (R, and Cg) remained unchanged over time,
indicating that during the immersion tests, the coated TFS metallic
surface is stable, inset of Fig. S1C. The values of coating capacitance for
both Al and TFS are comparable, about 2.4 and 2.7 nC cm ™2, suggesting
that both protective layers have similar thickness, regardless of the
characteristics of the metal substrate.

Finally, the coatings on ETP substrate suffered a rapid decrease of R,
just after immersion, which is possibly associated with an inhomoge-
neous thickness of the coating, as observed by SEM analysis. In fact, the
regions where the coating is thinnest can quickly allow the corrosion
process.

In general, the values of coating resistance on Al and TFS are higher
than those reported for related organic coatings such as 10* Q cm? for
chitosan (Bahari et al., 2020), 1.7-10° Q cm? for of epoxy coatings
containing encapsulated crude vegetal extracts of Azadirachta indica
(Neem) leaves (Ulaeto et al., 2023) and, 4.92.10° Q cm? for a cycloali-
phatic epoxide-based UV lacquer (Fragni et al., 2006), to mention a few.
However, they are lower than those found for ZnO-modified coatings,
for example 2:10% Q cm? for a zinc polyaleuritate ionomer coatings
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(Morselli et al., 2021) and 8.10% Q ¢m? for a bio-based PUA with ZnO
coatings (Ariffin et al., 2020).

3.3. Life Cycle Analysis of the coating fabrication process

The results of LCA (classification and characterization) reported in
Fig. 7 are key to appreciate the sustainability improvements of the use of
tomato pomace for the fabrication of coatings in comparison to the
fabrication of bioplastics by the current technology (comparable sce-
nario) and the simple incineration or biogas generation (baseline sce-
nario). It is evident that the technical enhancement of the process was
translated into an environmental gain, as highlighted by the comparison
between this innovative process and the comparable scenario described
by Benitez et al. (2018). The reduction of environmental burden is
observed in most of categories and averages ~60%. The advantage of
the innovative scenario is explained by the combination of a new process
design (with a simpler setup and lower energy and raw materials con-
sumptions), the production of a bio-based lacquer as an alternative to
the most common epoxy resin (as represented by the grey environmental
credit) and the use of photovoltaic energy. The reduction of organic
solvent consumption and the possibility of ethanol recirculation have
played an essential role on the sustainability of the innovative process.
The benefits of the tomato pomace-based lacquer production are clear in
many categories, particularly in the categories connected to the human
health (Fig. 7N and O). The contradictory results showed in Fig. 7G and J
are due to the effect of photovoltaic panel manufacturing (used for en-
ergy supply). Nevertheless, they do not afflict the whole result of the
analysis. The environmental gain of the innovative scenario, compared
to the baseline one, is less positive in several categories due to the
advantage of energy production from biogas. This issue is evident for the
climate change category (Fig. 7B), but it should be discussed with a
critical thinking for a double reason: first, the use of tomato pomace for
biogas production causes the loss of important components still con-
tained in the food waste and, second, not all facilities are equipped by a
system for biogas production. When the impact on climate change was
reassessed considering the incineration of tomato residue (common
practice in agriculture), the result changed drastically. As reported in
Fig. 7B, the innovative option allows an environmental benefit ~55%,
compared to the impact resulting from the traditional incineration of
agriculture residues (1.2 kg CO- eq. of innovative scenario vs. 2.8 kg
CO2 eq. of incineration).

After this overview of the available scenarios for tomato pomace
management, Fig. 8 shows in detail the environmental impact of the
innovative process (as the average result of all considered categories).
The lipid fraction extraction through the hydrolysis step is identified by
far as the driving stage (around 90% of the whole environmental load,
Fig. 8A). The explanation of this result is showed in Fig. 8B that focuses
on the contribution on each impact category of the parameters involved
in the extraction process by hydrolysis. In most cases, the higher impact
is due to both sodium hydroxide and hydrochloric acid use and con-
sumption, with a minor contribution of electricity demand and waste
flows management. The negative value represented in the water scarcity
category is connected to the possibility of water recovery after the
discharge and the treatment phases.

4. Conclusions

A by-product such as the pomace resulting from the tomato fruit
processing has been used as a renewable raw material in a context of
circular bioeconomy. In this sense, safe bio-based lacquers have been
fabricated and presented as good alternatives to current BPA-based
technologies. For this, the lipid fraction of tomato pomace was extrac-
ted by basic hydrolysis and the resulting unsaturated and poly-
dydroxylated fatty acids were sprayed on typical metal food substrates
(Al, ETS, and TFS) and polymerized by self melt-polycondensation with
no catalysts. The coating on the Al substrate showed the highest rate of
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Fig. 7. Results of classification and characterization steps of LCA. Comparison among innovative treatment, comparable scenario described by Benitez et al. (2018)
and the baseline scenario with tomato pomace use for biogas production (functional unit 4 kg of wet tomato pomace).

polymerization, most likely due to a better removal of water molecules
during the reaction. Hydrophobicity and scratch resistance of coatings
depended on the metal substrate used and were better as the degree of
polymerization was higher. The studies on the anticorrosion perfor-
mance revealed that the coatings on Al, and to a lesser extent on TFS,
offered an adequate protection against corrosion with coating resistance

10

values close to 10° Q em?. The LCA study determined an important gain
in terms of sustainability when the production of these bio-based coat-
ings was compared with those of the BPA-based lacquers. Once the
potentials of this approach have been presented, further studies are
necessary to assert the innocuousness of these coatings related to the
migration of potentially toxic substances generated along the coating
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