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The mitigation of corrosion, especially in coastal regions, stands as a significant social concern necessitating
the exploration of environmentally friendly materials. This study introduces phenol-based ionic polymers as
both coatings and solution corrosion inhibitors for mild steel. Three methacrylated phenolic deep eutectic
monomers (DEMs) bearing catechol and gallol motifs were synthetized for this purpose, taking advantage of
polyphenol chemistry. Both the polyphenol DEMs and the UV-photopolymerized ionic polymer coatings
formed coordination complexes with iron ions on the surface of the mild steel, resulting in a distinctive
colour evolution, transitioning from a non-coloured film to dark purple, characterized by optical imaging
and UV-vis absorption analysis. The resulting interfacial complex layer demonstrated exceptional
corrosion inhibition efficiency for tannic acid and protocatechuic acid based polymers, achieving

Received 7th March 2024 efficiencies of 99.84% and 99.54% respectively. Further explanation of this phenomenon involves the
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investigation of phenolic deep eutectic monomers in solution as model compounds, revealing a purple
DOI: 10.1039/d4su00117f . . . . . . .
hue in the solution arising from the complexation between the polyphenol chemistry and the iron ions

rsc.li/rscsus leached from the steel surface.

Sustainability spotlight

The goal of reducing corrosion of different metallic materials has a negative impact from the social, economic and environmental points of view. Looking for
sustainable corrosion inhibitors has turned into a key point, avoiding chromate-based components, lately related to pollution and toxicity. We focus on the
development of new green ionic polymeric coatings based on deep eutectic solvents in order to stop any damage to metals. In this context, these polymeric
materials are inexpensive, non-toxic and plant based, with fast synthesis and polymerization processes at moderate temperatures and without the need of
volatile organic solvents, produced by UV curing. The obtained coatings demonstrated their anticorrosive properties in mild steel linked to their polyphenolic
nature. Related to the UN goals, some of them are emphasized in our work:

SDG 7 (Affordable and Clean Energy) — use of low temperatures and UV curing.

SDG 9 (Industry, Innovation and Infrastructure) — avoid damage of buildings.

SDG 13 (Climate Action) — avoid the use of volatile organic compounds (VOCs).

SDG14 (Life Below Water) — avoid corrosion below water in the marine environment.

Introduction Traditional anti-coFrosive materials include inorganic additives
and polymer coatings. However, some of these compounds
Corrosion is a natural process wherein a metal undergoes successfully used in the last few decades have been ruled out
deterioration due to an (electro)chemical reaction at its surface because of the associated pollution and toxicity of Cr(vi). In
with the environment.! It causes important economic losses recent years, organic compounds have emerged as non-toxic
and environmental impact, and therefore different corrosion and versatile corrosion-inhibiting alternatives.>* Among them,
inhibitors have been searched in the last few decades. ioniccompounds such asionic liquids (ILs) and polymeric ionic
liquids (PILs) are being successfully investigated as potential
organic inhibitors and polymeric protective coatings.*®
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tial alternatives to aforementioned materials. They are eutectic
mixtures of a hydrogen bond acceptor (HBA) and a hydrogen
bond donor (HBD), interacting via hydrogen bonding resulting
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in negative deviations from thermodynamic ideality.*” Their
green character and the easiness of incorporating biobased
molecules make DESs attractive to be used in the field of
corrosion inhibitors of metals.®* Among the big family of DESs,
those based on choline chloride as a quaternary ammonium
salt and different HBDs have been broadly investigated.®* Their
properties as corrosion protectors have been ascribed to many
key factors. Primarily, it includes the absence of oxidizing
species as well as the high viscosity and low electrical
conductivity."

Polyphenols are a wide family of biobased molecules known
for their anti-inflammatory, anticancer, and antibacterial
properties, as well as their complexation ability with different
metal ions.”” Interestingly, some studies have indicated the
potential application of polyphenols as corrosion inhibitors.
For instance, Kassim et al. demonstrated a positive correlation
between higher phenolic content in extracted natural plants
and improved corrosion efficiency against mild steel.* In this
trend, tannic acid-based materials have been demonstrated to
be excellent green corrosion inhibitors for different metals and
alloys."*** The favorable properties of polyphenols are associ-
ated with their antioxidant properties and metal-complexation
ability.*>*®

Introducing a polymerizable structure into DESs offers
numerous advantages, showing unique properties such as
ionicity, low volatility, high thermal stability, and tunable
polarity, enabling their use in various chemical processes.®”"”
Thus, polymeric deep eutectic solvents (polyDESs) offer prom-
ising opportunities to develop new innovative, sustainable, and
versatile materials.’*** Furthermore, their polymeric nature
facilitates the creation of films, coatings, or membranes that
can be tailored to exhibit specific properties such as self-healing
capability.**** For instance, pioneering studies by Mota-Morales
et al. proposed using polyDESs in frontal polymerizations* and
dry ionic conductors for wearable sensors.** In another
example, M. Isik et al. showed the versatility of polyDES
chemistry and their applications as sorbents for CO, capture.*
Beyond this, polyDESs have also been investigated as electro-
lytes,***” as carriers for drug delivery systems,*® and in coating
applications.”

Our group recently reported the development of DESs based
on polyphenols, which showed potential as (bio)adhesives. We
also demonstrated that this chemical platform could be used to
develop multifunctional monomers and the corresponding
polyDESs.*® The resulting (meth)acrylic deep eutectic mono-
mers (DEMs) could be easily photopolymerized, presenting
good adhesion, excellent mechanical properties, and antibac-
terial activity. In this context, this letter aims to investigate the
combination of the anti-corrosive properties of polyphenols and
DESs into a polymeric protective coating. For this purpose, we
selected three phenolic deep eutectic monomers (DEMs) and
evaluated their coatings obtained by photopolymerization
directly on the surface of mild steel. Interestingly, it was
observed that the phenolic polyDES layer complexed at the steel
surface, generating a colour transformation into a dark purplish
film. An insight into this complex formation, colour evolution,
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and the anti-corrosive properties of these innovative polyDES
coatings is presented.

Experimental section
Materials

[2-(Methacryloyloxy) ethyl] trimethylammonium chloride solu-
tion (M1, 75 wt% in water), 2-hydroxy-2-methylpropiophenone
(Darocur 1173, 97%), tannic acid (TA, ACS reagent) and 3,4-
dihydroxyhydrocinnamic acid (HCA, 98%) were purchased from
Sigma-Aldrich. 3,4-dihydroxybenzoic acid (PCA, 97%) was
supplied by Alfa Aesar. All chemicals were used without further
purification.

Preparation of deep eutectic monomers (DEMs). DEMs were
prepared by mixing the ammonium salt monomer aqueous
solution (75 wt%) individually with three different polyphenols
at molar ratios of 1 : 20 for TA-M1 and 1 : 2 for PCA-M1 and HCA-
M1 under stirring at 70 °C, for 1 hour. After obtaining a homo-
geneous viscous coloured liquid, the mixture was freeze-dried
for two days for water elimination. Different HBD : HBA molar
ratios were evaluated, but only those mixtures that remained in
a liquid state at room temperature after freeze-drying are re-
ported in this work as deep eutectic monomers. The obtained
DEMs are later presented in Fig. 1.

Synthesis of polymeric deep eutectic solvents (PolyDESs).
PolyDESs were obtained by photopolymerizing DEM mixtures
using 2-hydroxy-2-methylpropiophenone (5 wt%) as the photo-
initiator. DEMs were applied as coatings at the surface of mild
steel using a Doctor Blade technique and then UV-irradiated for
over 120 seconds until the coating is completely polymerized in
a Light Curing System UVC-5 (Dymax) with a lamp intensity up
to 400 mW cm™?, 30 mm lamp to belt distance and lamp speed
of 7 m min~". All polymerizations were performed at room
temperature and constant humidity.

Corrosion test

Preparation of mild steel and UV-polymerizable coatings.
Before the experiments, the mild steel AS1020 surface was
cleaned and degreased with acetone at room temperature, to
remove all the impurities and make the surface as uniform as
possible.

An acrylic UV-curable coating, composed of DEM and 2-
hydroxy-2-methylpropiophenone (5% wt), was applied onto the
steel surface using a doctor blade technique. The precursor
coating was kept at room temperature for 24 hours until the
coating colour transformation from transparent to dark blue or
violet occurs. Subsequently, the coating was irradiated for over
120 seconds using a UVC-5 (DYMAX) UV Curing Convenyor
System with a 400 mW cm ™ lamp intensity. This first step is
illustrated in Fig. 2. After this, a second acrylic layer based on
dipropylene glycol diacrylate and 2-hydroxy-2-
methylpropiophenone (5% wt.) was applied above the
previous coating, also, by a doctor blade technique and also,
irradiated for 120 seconds. The two step polymer coating
formation scheme is shown in the ESI (Fig. S17).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Chemical structure and composition of the investigated DEMs based on polyphenols and methacrylic quaternary ammonium monomers.

[¢]

Fig. 2
polyDES with iron ions from mild steel.

As a pristine reference coating, a single-layer coating was
used. In that case, the acrylic layer based on dipropylene glycol
diacrylate and 2-hydroxy-2-methylpropiophenone (5% wt) was
applied onto the steel surface using a doctor blade technique,
without any previous deep eutectic monomer coating.

Thicknesses of the applied double layer coatings are
measured with a calliper, before and after each doctor blade
technique is applied. First, the thickness of the mild steel is
calculated, then, after irradiating the previously complexated
DEM coating, the thickness is measured again, and finally, after
the addition and polymerization of the second acrylic layer it is
measured again, in order to get the exact thickness of each
polymer layer. At least three different points around the coat-
ings surfaces are selected to measure the coating thickness,
taking into account possible irregularities or small defects. The

© 2024 The Author(s). Published by the Royal Society of Chemistry

[llustration of the Doctor Blade technique for coating preparation and representation of the complexation of the phenolic DEMs and

overall polymeric coatings present an approximate thickness of
100 pm.

Immersion tests. In this experiment, DEM solutions at
a concentration of 0.03 M were prepared, using 0.1 M NaCl
aqueous solution as a solvent. As a reference, 0.1 M NaCl
aqueous solution was used, simulating ocean water. Subse-
quently, an electrode was immersed in each solution to
initialize the corrosion study. The evolution of the steel surface
was studied by visual characterization, and an optical micro-
scope and a digital camera were used to analyse corrosion
evolution on the steel surface with and without the presence of
DEM solutions. Evolution of the pH was measured as well, by
immersing pH indicator paper each day.

UV-vis spectroscopy. UV-vis spectroscopy measurements
were conducted on a Hewlett Packard (HP) model 8453

RSC Sustainability, 2024, 2, 1809-1818 | 1811
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spectrophotometer. The objective was to monitor the evolution
of the solution colour, thereby investigating the metal
complexation involving polyphenols with the iron electrode
over time. For this study, aliquots of the solutions employed in
immersion tests were extracted and diluted 3 to 5 times until
a clear absorbance was obtained in the UV-vis spectra.

FITR spectroscopy. Fourier transform infrared (FTIR) spectra
were recorded on a Bruker Alpha II spectrophotometer
employing a Platinum ATR module with a diamond window.
FTIR spectra analysis of the three DEMs was performed.

'H NMR spectroscopy. 'H nuclear magnetic resonance
(NMR) spectra were recorded using a Bruker Avance DPX 300 at
300.16 MHz, using deuterated water (D,0O) as solvent at room
temperature. "H-NMR spectra of the three DEMs were recorded.

Electrochemical measurements. The electrochemical
measurements were performed using a BioLogic VMP3 multi-
channel potentiostat (Biologic, Seyssinet-Pariset, France)
combined with EC Lab V10.44 software. The typical three-
electrode cell was composed of the coated Mild Steel AS1020
(1 cm diameter) as the working electrode, a graphite rod as the
counter electrode, Ag/AgCl (3 M KCl) as the reference electrode
and the 0.01 NaCl aqueous solution as the electrolyte solution.
Samples were immersed in 0.01 M NaCl aqueous solution for 24
hours, and the immersed area was 0.95 cm?.

Potentiodynamic polarization measurements. A scan rate of
2 mV s~ and a scan range of —150 mV to 250 mV relative to
open circuit potential (OCP) were used. Taffel extrapolation
was used to obtain the corrosion parameters, and the inhibi-
tion efficiency (n%) was calculated through the following
expression.

0
n(%) = % x 100

corr

where 12, and I..,, are the corrosion current densities without
and with inhibitor coatings, respectively.

Electrochemical impedance spectroscopy (EIS). Electro-
chemical impedance spectroscopy measurements were carried
out using the aforementioned BioLogic VMP3 potentiostat. The
impedance at the OCP was monitored in the frequency range
from 1 MHz to 10 mHz, with 6 points per decade and a sinu-
soidal amplitude of 10 mV. Impedance responses were moni-
tored hourly during 24 hours of exposure to 0.01 M NaCl
solution.

Inductively coupled plasma-mass spectrometry (ICP/MS).
Inductively coupled plasma-mass spectrometry (ICP/MS) (ICP/
MS Agilent 7700X) was used to determine the concentrations
of iron metal ions in the supernatant solution; the calibration
was done with a multielement standard solution procedure,
and the analysis was repeated 5 times by diluting the sample
100 or 10 000 times accordingly.

Results and discussion

Polyphenol-based methacrylic DEMs were prepared using the
simple heating/solvent drying method commonly used in DES
chemistry. Thus, the monomeric HBA [2-(methacryloyloxy)
ethyl]trimethylammonium chloride (M1) was mixed with three
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phenolic derivatives acting as HBDs, namely tannic acid (TA),
protocatechuic acid (PCA) and hydrocaffeic acid (HCA) in the
corresponding molar ratios. These polyphenols were selected as
representative examples due to the differences in their chemical
structure and the variety of phenolic moieties such as gallols
and catechols. The HBD/HBA mixtures were heated at 70 °C
while stirring until a clear solution was obtained. The chemical
structures and the corresponding acronyms of the DEMs
studied in this work are illustrated in Fig. 1. The thermal
characterization and spectroscopic studies, such as FTIR or *H-
NMR, are included in the ESI (Fig. S2-S77).>

The polyDES coatings were prepared on top of the mild steel
by UV photopolymerization of the previously reported DEM
monomers. Fig. 2 illustrates the experimental scheme for the
preparation of the polymer layers. First, the three different
DEMs were deposited on top of mild steel by a doctor blade
technique (step 1-2). Surprisingly, minutes after the application
of the DEM coating, the applied film suffers a colour trans-
formation from non-colour to weak blue/violet. After 24 hours of
exposure, all the applied coating turned completely dark (step
3), and the DEM was photopolymerized by applying UV light
(step 4). Since the polyDES coatings were water soluble,
a second hydrophobic polyacrylate top coating layer was applied
for additional protection.

As mentioned, the colour evolution observed for each poly-
phenol based coating is illustrated in Fig. 3. The starting point
just after applying the doctor blade technique is a transparent
homogeneous coating. However, for the tannic based coating as
soon as it is applied to the surface, it starts to get darker in
different zones, as observed in the first image (0 minutes).
Tannic acid was also the fastest to suffer a homogeneous
darkening effect, turning to soft purple colour, after 15 minutes
in contact with the mild steel, probably due to the more gallol
and catechol moieties this molecule has in its structure. In
contrast, after 15 minutes, the complexation and therefore the
colour transformation are only visible in single points for HCA,
and even nowhere for the PCA coating. After 8 hours, the tannic
based coating undergoes a homogeneous darkening, whereas

PCA-M1

Fig. 3 Colour evolution with time of the three polyphenolic polyDES
coatings.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the HCA-M1 and PCA-M1 coatings become blue and violet
respectively, and they exhibit some defects and irregularities,
potentially linked to the worse compatibility and adhesiveness
of these DEMs to the mild steel, as observed in both images,
where the darkness of the coating is not uniform among all the
surface. Finally, after 24 hours, coatings are completely dark,
showing a slightly different black purplish colour, and the HCA
based layer has slightly bluish tone. Even so, the TA-M1 coating
presents uniform consistency and better adhesive contact to the
mild steel surface, probably related to the higher viscosity of the
applied DEM, while the HCA based coating has some irregu-
larities, where the coating is slightly detached what could
conclude in worst anticorrosive properties of that material.
Further information about the thicknesses of the applied
polymer coatings is added to the ESI (Table S17).

Next, electrochemical characterization of the phenolic
polyDES-coated steel was performed by Electrochemical
Impedance Spectroscopy (EIS). A potentiodynamic polariza-
tion test was used to evaluate the application of the synthe-
sized materials as protective coatings. Fig. 4 shows the EIS
results of the phenolic polyDES coatings in NaCl solution after
24 hours. The impedance values for PCA-M1 and TA-M1 are
higher than for the reference hydrophobic acrylate layer, with
values of 10°* Q cm® and 107> Q cm” respectively, indicating
that the complexation is beneficial to the anti-corrosive effect
of the phenolic polyDES coatings. However, the HCA-M1
exhibits a lower impedance modulus value after 24 hours,
10>* Q cm?. This behaviour is probably due to the surface
defects caused by the complexation process. As mentioned
before, the complexed surface layer of HCA-M1 exhibits some
imperfection and poor compatibility which is the main reason

View Article Online
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for the non-protective electrochemical behaviour. Nyquist
plots are presented for HCA-M1 in Fig. S8t as well as the fitting
results are summarized in Table S1 and Fig. S9f with the
corresponding circuit model.

These results agree with the potentiostatic polarization curve
measurements, which are plotted in Fig. 5a. The corrosion
parameters obtained for the coatings are summarized in
Table 1. Values of the Tafel slopes demonstrated effective
cathodic protection by TA and PCA based protective layers, as
evidenced by the reduction in the Tafel slope, indicative of
a lower cathodic reaction velocity. Both coatings also present
higher inhibition efficiencies than the reference, with values
above 99%. In contrast, it was concluded that the HCA-based
coating did not work as a corrosion inhibitor. Corrosion inhi-
bition seems to be deeply affected due to the imperfections the
coatings has, probably because of water penetration into the
mild steel. Fig. 5b shows the areas of the coatings immersed
after CPP measurement, in which part of the formed complex is
removed for HCA, related to the non-protective behaviour of
this material, because of the removal of the polyDES coating,
which acts as a corrosion inhibitor.

To further understand the anticorrosive nature of phenolic
DEMs and the consequent colour evolution, different aqueous
solutions were prepared at a concentration of 0.03 M DEM
with 0.01 M aqueous NacCl as solvent. NaCl 0.01 M without the
presence of the phenolic DEM was used as a reference. The
steel electrode immersion in these solutions revealed a strong
evolution of the solution colour with time. It was observed
visually and characterized by UV-vis absorption, as shown in
Fig. 6. The solution's UV-vis absorption spectra were measured
daily for three days after immersing the electrode as shown in
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Fig. 4 EIS results for the phenolic poly(DES) coatings in NaCl solution after 24 hours of immersion.
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of the coating surface area immersed in the solution after 24 hours.

Table 1 Calculated inhibition efficiency values for DEMs in solution

Sample E(V) I(pA) B.(mVdec™™) B.(mVdec) %n
Blank —-0.70 4.3 —
TA-M1 —0.58 0.007 47.4 37.1 99.84
HCA-M1 —0.53 4.4 52.4 46.7 —
PCA-M1 —0.51 0.02 46.9 30.6 99.54

Fig. 6a, where the spectra measured at day 3 are plotted for all
DEMSs. For all the solutions, a wide band can be observed
between 280 and 320 nanometres, which is attributed to the
characteristic w—m* band in polyphenols.** The inset shows
that these bands are red-shifted by the strong interaction
between the polyphenols and the metal cation Fe** and the
consequent complex formation.** Thus, TA-M1, PCA-M1, and
HCA-M1 exhibit a broad absorption band with maximum
peaks at 606, 601, and 742 nm, respectively. From a chemical
point of view, they can be attributed to ligand-metal charge
transfer (LMCT) due to the complex formation between Fe®*
and hydroxyl groups in polyphenols, which is responsible for
the colour evolution observed in Fig. 6b.** At the same time,
the pH of the immersed solutions was measured every day
(Table S27), showing an acidic character which may be due to
the release of protons after complexation with the iron. It was
previously reported that the number of ligands surrounding
the coordination centre depends on the pH value. Iron is
generally bound by three polyphenols per metal ion at slightly
acidic pH, resulting in dark blue-violet Fe complexes, as
highlighted in Fig. 6c.** These results indicate a complex
formation associated with a dissolution of iron cations from
the mild steel towards the polyphenols in solution.
Furthermore, the potential protective capacity of DEMs in
solution on the stainless steel surface was further investigated.
Fig. 7 shows the surfaces of the mild steels immersed in DEM
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PCA

HCA

(a) Cyclic potentiodynamic polarization of TA-M1, PCA-M1, HCA-M1 and blank coatings immersed in saline solution. (b) Illustrative image

solutions for seven days. As in the previous case, 0.01 M NacCl
aqueous solution was employed as a control system, where it is
observed that the steel experienced severe degradation as eye-
catching corrosion products partially appeared on the surface
after only one day of the experiment, while the steel surface is
fully damaged by corrosion after one week. However, when the
phenolic DEMs are present in the system, the corrosion is
significantly inhibited by a single purple layer formed on the
metal surface corresponding to the complexation between the
iron ions and polyphenol, which drastically delays the steel
degradation. It is also observed that in the case of TA-M1, iron
complexation is faster than PCA-M1 or HCA-M1. After one
immersion day in TA-M1, the steel surface was totally covered
with a purple layer. This faster complexation is probably due to
the more gallol groups of the tannic acid structure, which
enable faster interaction with iron ions. According to the
surface evolution, after one week there is an irregular coloured
purplish layer on top of the steel, which acts as a corrosion
inhibitor. These effects are obvious in the case of PCA-M1 and
TA-M1 after 7 days.

Fig. S107 shows an amplified optical image of the steel
surface immersed for one week. Additional electrochemical
characterization is included in the ESI.f The corrosion of
AS1020 steel in the presence of aqueous electrolytes with and
without phenolic DEM additives was evaluated using elec-
trochemical impedance spectroscopy and potentiodynamic
polarization techniques. Fig. S11 and Table S3t1 show the
Bode plots and corrosion efficiency values for the steel
samples tested in NaCl and DEM solutions. The data prove
that adding 10 mM DEM solution and forming the poly-
phenol-Fe complex result in an anti-corrosive coating on the
steel surface. The corrosion inhibition efficiencies show that
these results agree with what is highlighted in optical
images.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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evolution. (c) Representation of iron—polyphenol complex formation at different pHs.
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Fig. 7

Conclusions

In conclusion, this article introduces a novel sustainable
corrosion inhibitor for mild steel both in solution and their
corresponding polymeric coatings, grounded on polyphenolic
and deep eutectic solvent chemistry. UV-photopolymerization
was carried out to obtain the aforementioned ionic polymers
on top of mild steel, yielding a surprising colour darkening
within minutes. Electrochemical measurements underscore the
exceptional protective properties of polyphenol-based poly-
meric coatings, particularly those derived from tannic acid and
protocatechuic acid, thereby highlighting their potential as eco-
friendly alternatives for corrosion inhibitors.

Furthermore, immersion tests conducted in the presence of
mild steel, utilizing dissolved polyphenol monomers, reinforces
the idea of applying this material as a corrosion inhibitor.
Remarkably, the solution underwent a colour transformation
from non-colour to purple upon adding the steel electrode,
indicative of the formation of the metal-ligand complex
between the dissolved polyphenol and the leached iron ions.
Electrochemical results summarize the promise of biobased
DESs as green materials in addressing corrosion challenges,
while aligning with environmentally conscious practices.
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