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Abstract: One of the alternative materials used for conducting conservation treatment of iron artifacts
is the rust converter, since it generates barrier properties and more stable oxides. The protective
properties and surface modifications from using Mimosa tenuiflora extract as a green rust converter
on a gray iron oxide layer were studied. The surface characterization was carried out using a
Scanning Electron Microscope coupled to an energy-dispersive X-ray spectrometer (SEM-EDS), along
with infrared spectroscopy (IR), Raman spectroscopy, X-ray Diffraction (XRD), and Water Contact
Angle (WCA). Electrochemical characterization was performed with an Electrochemical Impedance
Spectroscope (EIS) using 3.5 wt.% NaCl as the electrolyte. According to the results of the Raman
spectroscopy and XRD, the layer of corrosion products formed after 90 days in the atmosphere
was composed of goethite, lepidocrocite, maghemite, hematite, and magnetite. The surface of the
corrosion products was transformed with the rust converter into an amorphous and microcracked
layer. By IR, the Fe-O and C-O-Fe bonds associated with the iron chelate were found with absorption
bands at 1540 and 1567 cm ™1, respectively. By XRD, a modification of the magnetite crystallinity was
observed. Finally, the Water Contact Angle and the protective capacity of the corrosion products
were improved by the presence of the rust converter.

Keywords: Mimosa tenuiflora extract; green rust converter; surface characterization; EIS

1. Introduction

Corrosion is a serious worldwide problem that affects a wide variety of metallic
structures [1-3]. Therefore, numerous methods and materials have been developed in
order to minimize the damage caused by the corrosion process [4-6]. Corrosion protection
and prevention are remarkably important, given that a considerable portion of the gross
domestic product is consumed annually by corrosion. Among the most frequently used
corrosion protection methods are organic and inorganic coatings, electrochemical protection,
and corrosion inhibition [7-10]. Paints protecting steel structures contain mostly lead oxide;
these compounds are dangerous for the environment due to their toxicity and must be
replaced by environmentally friendly substances [11].

Stabilizing the rust layer before applying a paint coating is an attractive alternative to
steel cleaning and is a worldwide trend in anti-corrosion technology [12]. An alternative
that has been studied for more than 20 years is the rust converter, whose main function is
to react with the iron oxides that cannot be completely removed from a surface, leading to
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a layer where paint systems can be applied. Rust converters are based on chemical formula-
tions that can be applied to corroded surfaces, promoting their passivation and the possible
elimination of new corrosion; the difficulty is in finding the appropriate components, their
optimum concentration and reaction time, and the appropriate conditions for their most
effective application [13]. Among rust converters, special attention should be drawn to
those based on tannins and phosphoric acid. Such products have low toxicity, and tannic
acid is obtained from renewable sources [14].

The components of tannins are sugars, gallic acid, and flavonoids. They are of high
molecular weight, and the idea is that their presence converts an active oxide into a
protective non-reactive rust, presumably magnetite [15]. Tannic acid belongs to the high-
molecular-weight group of phenolic compounds and contains a carbohydrate in the central
core (glucose), which is esterified by polyphenols (gallic acid). Tannic acid is a subclass
of plant tannin and is formed by the secondary metabolism of plants [16]. Tannins and
tannic acid can be found in different species of trees, such as acacia bark Mimosa and Pine
radiata [17,18]. Some researchers have used plant extracts as corrosion inhibitors and
have reported satisfactory results [19-21]. There has also been the synthesis of new rust
converters that present excellent chelating capacity and anticorrosive properties [22].

It is important to note that tannins are biodegradable, non-toxic, and natural com-
pounds, and most commercial rust converters are based on tannic and phosphoric acids,
which are environmentally safe, in contrast to toxic inhibitors and coatings, such as red lead
or zinc chromates. However, there is a strong controversy about their efficiency; depending
on the conditions, the results can even be contradictory. Several reasons can explain this
fact; among them, the different natures of the rust layer to be converted (their nature,
density, thickness, and pH) and the concentration or origin of the tannic solution seem to be
the most important. In addition, the reaction mechanism and, mainly, the transformations
taking place in the oxide layer have not been established [23,24].

Mimosa tenuiflora is a tree found in Mexico, mainly in the states of Chiapas and Oaxaca.
It is traditionally known in Mexico as “tepezcohuite”, which is a tree of the Mimosaceae
family that has been characterized as having anti-inflammatory, antibacterial, anesthetic,
and regenerative properties for the epidermis. In Mexico, it is a resource of cultural and
economic interest at the regional level in the states of Oaxaca and Chiapas; its use in the
treatment of burns and superficial skin wounds, gastrointestinal problems, and for the
recovery of soils and vegetation stands out [25,26].

On the other hand, it has been shown to have anticorrosive properties in AISI 1018
carbon steel corrosion products [27]. From this, an opportunity arises for the area of metallic
cultural heritage from the application of a green rust converter. Iron vestiges have the most
corrosion damage, as their corrosion product layers are highly porous and non-protective.
In this work, a green rust converter from Mimosa tenuiflora extract was applied on cast iron
corrosion products.

Our aim is to characterize its anticorrosive properties and how it acts on the surface
of corrosion products as a possible conservation treatment for historical iron pieces. The
identification of the corrosion products was carried out by Raman spectroscopy. The
morphological and chemical characterizations of the corrosion product layer, with and
without the rust converter, were carried out by a Scanning Electron Microscope coupled to
an energy-dispersive X-ray spectrometer (SEM-EDS). The structural characterization and
crystalline phases were carried out by Fourier Transform Infrared Spectroscopy (FTIR) and
X-ray Diffraction (XRD), respectively. A Water Contact Angle (WCA) tester was used to
observe changes in the properties of the corrosion products with a rust converter. Finally,
the protective behavior of the cast iron corrosion products in the absence and presence of the
rust converter was evaluated for 72 h in a 3.5% wt.% NaCl solution using Electrochemical
Impedance Spectroscopy (EIS).
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2. Materials and Methods
2.1. Materials

Round cast iron coupons with a nominal composition of 3.42% C, 2.62% Si, 0.45% Mn,
0.06% S, 0.05% P, 0.04% Cr, and balanced Fe were used. The coupons, 3.8 cm in diameter
and 0.5 cm thick, were superficially prepared by chemical pickling to remove residues and
rust on the surface; the pickling solution used was hydrochloric acid and 0.1 M hexam-
ethylenetetramine [28]. Subsequently, the parts were mechanically roughened with 220-,
400-, and 600-grade SiC sandpaper. Finally, they were degreased with acetone and distilled
water. Round cast iron coupons were cut in dimensions of 1.5 cm x 1.5 cm x 0.5 cm for
SEM-EDS measurements and metallographic, Raman spectroscopy, FTIR, XRD, and AC
analysis. The same surface preparation procedure was followed for these square pieces.

2.2. Methods
2.2.1. Hardness Assay and Microstructural Analysis

The hardness of the cast iron was measured using a portable Equotip 550 hardness
tester. The native scale of the equipment is HLD Leeb D, and the calibration of the equip-
ment was carried out using a standard steel coupon with a hardness of 765 HLD. The Leeb
hardness principle is based on the dynamic rebound method and lends itself to in situ
analysis. The device parameters were as follows: impact velocity 2.05 & 0.1 m/s, impact
body mass 5.45 £ 0.1 g, spherical radius of the indentation ball 1.5 £ 0.005 mm, CoC/W in-
denter material. The measurements are referenced in ISO16859-1 (Metallic materials—Leeb
Hardness Test) [29] and ASTM A956 (Standard Test Method for Leeb Hardness Testing of
Steel Products) [30].

The metallographic analysis consisted of mechanical roughing of square coupons using
sandpaper with grit sizes of 220, 400, 600, and 1000. Subsequently, it was mirror-polished
using 1-micron diamond paste (Buehler). For chemical etching, a 3% nital solution was
prepared, consisting of 3 mL of HNOj3 (JT Baker) in 100 mL of methanol. Moreover, surface
morphology and EDS analysis of the cast iron microstructure, and corrosion products
with/without the rust converter were studied using a Scanning Electron Microscope (SEM)
model Flexem 1000 Hitachi equipped with secondary electron (SE), backscattered electron
(BSE) detectors, and an energy-dispersive X-ray spectrometer (EDS) model Quantax75
Bruker (Billerica, MA, USA).

2.2.2. Polyphenol Quantification and Rust Converter Extraction

The extraction of the rust converter was performed by dynamic maceration, consisting
of 20 g of Mimosa tenuiflora bark added to 100 mL of ethanol. The maceration time was
72 h at 40 °C. The preparation of the rust converter formulation was a 1:1 volumetric
ratio of Mimosa tenuiflora extract (pH = 5) with isopropyl/terbutyl alcohol. The formula-
tions were applied to the corrosion products by spraying and allowed to dry for 48 h at
room temperature.

The Folin—Ciocalteu reagent method was adapted to evaluate the total polyphenol
content of Mimosa tenuiflora extract using the gallic acid standard. A volume of 0.5 mL of the
extract or gallic acid standard diluted 1:10 (v/v) was mixed with 5 mL of Folin—Ciocalteu
reagent diluted 1:10 (v/v), and 4 mL of a 1 M NayCOs solution was added. Solutions of
the gallic acid standard were prepared at concentrations of 20, 40, 60, 80, and 100 ppm to
construct the calibration curve. The solutions were kept in a dark place for 1 h, and then the
colorimetric determination of each sample was performed at 765 nm using a UV-visible
spectrophotometer (UNICO). The total phenolic content of the sample was denoted as
gallic acid equivalent, GAE (mg g~ !, dry weight) [31].

2.2.3. FTIR and Raman Spectroscopy Characterization

Raman spectroscopy of the corrosion products was performed using a portable i-
Raman Plus spectrometer (B&WTEK). The sample was irradiated with a 785 nm wavelength
laser. The laser was adjusted to different powers, always avoiding thermal effects on the
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samples. The conditions were 15 ms and 15% power. The analysis area was focused through
a video optical microscope and an XYZ positioning probe holder.

The layer of corrosion products with/without the rust converter and Mimosa tenui-
flora extract were analyzed by Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
performed with a portable Alpha spectrophotometer (Bruker) in Reflectance mode. The res-
olution of the spectrum was 4 cm ™! using 24 scans per minute. The spectra were recorded

in absorbance mode in the mid-infrared range of 500-4000 cm .

2.2.4. XRD Analysis

Identification of the crystalline phases by X-ray Diffraction was carried out on the
layer of corrosion products with and without the rust converter on the cast iron pieces.
Sample preparation was carried out by the powder method, so it was necessary to remove
the corrosion products or converted film and crush them with an agate mortar until fine
particles were obtained. The X-ray Diffraction technique was carried out in a D8 Advance
diffractometer (Bruker) with Davinci design, 0-0 geometry using monochromatic radiation
from the Cu tube, and a Linxeye silicon detector. Preliminary tests were performed to define
the appropriate recording and diffractional field conditions. The analysis conditions were
as follows: NiO 0.02 monochromator, 0.1 mm collimator, 0.15 s step time, 0.01 increments,
and a diffractional field of 10-80°. The identification of the diffractograms was performed
using the DIFFRAC software, EVA version 3.1.

2.2.5. Water Contact Angle (WCA)

Static contact angle measurements were performed by the sessile drop method using
an ESr-N measuring instrument (Dataphysics) and distilled water. The equipment contains
an optical system and an automatic dosing unit. Drops of 5 pL. were dispensed at five
different points on each specimen and from a height as close as possible to the substrate so
that the needle remained in contact with the liquid droplet. Then, the needle was carefully
withdrawn, and the droplet image was immediately captured to measure the static contact
angle. The SCA20 software 1.0 enabled the measurement of the contact angle.

2.2.6. EIS Characterization

Electrochemical experiments were performed using a conventional three-electrode
cell: a saturated Ag/AgCl reference electrode, a graphite counter electrode, and a working
electrode (corrosion products with and without rust converter) with an exposed surface
area of 1 cm?. The measurements were evaluated for 72 h with a 3.5 wt.% NaCl electrolyte
solution. Electrochemical Impedance Spectroscopy (EIS) studies were performed by im-
posing a sinusoidal voltage of £10 mV concerning the corrosion potential (Ecorr) and a
frequency range from 10 KHz to 1 mHz [32].

3. Results and Discussion
3.1. Metallographic Analysis and Hardness

The Leeb hardness analysis yielded an average value of 412.9 £ 4 HLD; the conversion
to Brinell hardness gives an estimate of 192.2 HB (Brinell hardness). According to ASTM
A48-41, gray cast iron has a value between 140 and 250 HB and a tensile strength of 220 to
260 ksi. Supplier data indicate that the tensile strength is 37.1 ksi (kLb/in?). According to
the above values, gray iron cast iron corresponds to class 35 [33,34].

Using SEM, micrographs were taken at 200x and 500x (Figure 1a,b) of the cast
iron microstructure, where dendrites are observed in an essentially ferritic matrix with
interdendritic graphite flakes [35,36]. With the backscattered electron detector (BSE), it is
possible to differentiate by atomic number contrast the presence of two phases; the light
zone is a pearlitic matrix and the dark one is associated with graphite. Given the type of
microstructure in Figure 1c,d at 500 x and 1000 x, after attack with 3% nital, the high carbon
content in the cast iron or gray cast iron can be appreciated, since all the filler surrounding
the type A graphite flakes is a pearlitic matrix [37,38]. Similarly, type B or rosette graphite
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is observed. In Figure 1d, the pearlitic phase is not observed, only the ferritic phase, which
is a solid solution with a minimum amount of carbon dissolved in iron [39]. In Figure lef,
the characteristic morphology of graphite flakes is observed at 1000x and 4000x.

“«;r«/
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Figure 1. Microstructure of cast iron (a) 200, (b) 500 %, (c) 500 x, (d) 1000, (e) 1000, and (f) 4000 x.

Gray iron derives its name from its fractured gray surface, which occurs because
graphitic flakes deflect one crack that grinds and initiates countless new cracks when the
material breaks. Large flakes of graphite reduce strength and ductility. A characteristic of
graphite flakes is their damping and machinability, because graphite acts as a chip breaker
and lubricates cutting tools [40].

In the elemental chemical mapping (Figure 2), it is observed that the dark zones are
certainly composed of C, and the gray zone of Fe. A homogeneous distribution of Si in
the microstructure can be observed. In the graphite flakes, C, O, Fe, and Si were found
in majority percentages. Na, S, Cl, Ca, and Mn were found in smaller amounts (Table 1).
Na, Cl, and Ca are impurities incorporated during surface preparation. However, S found
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by EDS analysis favors the formation of graphite flakes. Si decreases pearlite stability,
hardness, and wear resistance, and increases machinability; Mn increases hardness and
pearlite stability, while Cr increases pearlite stability, wear resistance, and hardness, and
decreases machinability. On the other hand, the composition coincides with gray cast iron,
having a content of 3.63% C and 2.22% Si dissolved in Fe. Si and Mn are the most common
alloying elements in cast irons. In the case of silicon, a generally accepted theory is that the
introduction of 5i and its dissolution in molten iron contributes to the formation of graphite.
Mn dissolves in solid solution and also forms MnS inclusions that can be observed in
elemental chemical mapping (Figure 2e,f), in the form of polygonal-shaped particles [41].

Y
329 b vl
Chi1, MAG: 1000x |HV:20 kY WD;5.7mm o

Fe-Kat borng 04" Sy

3296 3296 ’
Ch1 MAG: 1000x HV:20kV WD:5.7 mm Ch1 MAG: 1000x, HV:20 kv~ WD:5.7 pm

3296 3296
Ch1 MAG: 1000x HV:20kV WD:5.7 mm Ch1 MAG: 1000x HV:20kV WD:5.7 mm

Figure 2. Elemental chemical mapping of the cast iron microstructure: (a) analyzed zone, (b) distribu-
tion of C, (c) Fe, (d) Si, (e) S, and (f) Mn.
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Table 1. Elemental chemical composition of cast iron.

Element (wt.%)
C (0] Na Si S Cl1 Ca Mn Fe

Graphite flake (dark zone) 1255 2476  0.65 192 034 023 081 036 5839
Metal base (gray zone) 3.63 - - 2.22 - - - - 93.59

Cast Iron

3.2. Total Polyphenol Content

The Folin-Ciocalteu (F-C) assay is a reaction based on electron transfer that measures
the reducing capacity of an antioxidant and is used to compare the presence of phenolic
compounds extracted by different solvents. The F-C method provides the reducing capacity
of a sample, which is usually expressed in terms of phenolic content, i.e., the phenolic ion
that changes from yellow to blue. Therefore, the absorbance is measured at 765 nm [42,43].
Figure 3 shows the calibration curve of absorbance vs. concentration of gallic acid standard
obtained at 765 nm. The ethanolic extract of Mimosa tenuiflora has a total polyphenol
concentration of 609 mg/g GAE. The color of the extract with the F-C reagent was dark blue.

0_45 1 1 1 1 1
0.40-  [y=0.0031x+0.0844] .
R=0.9838 '
0.35 1
P :
o 030
] P
= | s
2 oz /
5 ] P
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,./'/ -
0.15 -
0104 /
0'05 T T T T T
0 20 40 60 80 100 120

Gallic acid (ppm)
Figure 3. Calibration curve for total polyphenol determination.

3.3. SEM-EDS of Corrosion Product with/without Rust Converter

In Figure 4a at 100 %, the layer of corrosion products formed after 70 days of exposure
to the atmosphere is compact in appearance. However, at 1000x (Figure 4b), a porous and
cracked structure is observed. At the same magnification in a different area (Figure 4c),
needle or whisker morphologies are observed on the periphery of lepidocrocite globules
and are on a compact layer [44]. At 3500 x, the needle-like morphology is appreciated, and
could be attributed to an outer layer of corrosion products.

Iron oxides are shaped like cauliflowers and hexagons. Likewise, the needles grown
as small rods, when put together, form balls with the appearance of flower petals [45,46].
Goethite has good continuity and compactness in texture; it is supposed to be a non-reactive
phase with important protection due to its ability to effectively prevent the iron matrix
attack by environmental factors such as oxygen, moisture, and polluting gases. On the
other hand, lepidocrocite has a petal-like structure, being porous and similar in absorbency
to a sponge skeleton [47,48].

The application of the tannic acid extract formulation to the cast iron corrosion prod-
ucts formed an amorphous and micro-cracked layer of 26.3-35.2 um (Figure 5), with the
presence of lumps and shiny particles [13,21]. These shiny particles may correspond to
either converter residues or corrosion products [13]. The converted layer appears to be
thicker, in agreement with the smooth surface observed by SEM [23]. This type of structure
indicates that the formulation can chelate with iron ions and has been reported in several
investigations [13,21-24,36].
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Figure 5. (a) Morphology and (b) thickness of microcracks in the converted layer.

Crack formation is caused by the removal of rust converter components during drying
or excess moisture, which promotes regrowth of the existing rust [49]. It has been shown
that in the rust converter, when dried on an inert material, a cross-linked pattern is observed
under the microscope. The grains formed when a rust layer of steel reacts with the rust
converter are less angular in shape and much more adherent than in rust-free steel [50].

EDS analysis of the corrosion product layer in the absence and presence of the rust
converter is summarized in Table 2. The elements Cl and K in the corrosion product layer
belong to marine aerosol particles. On the other hand, the S may be due to contamination
by sulfur compounds or sulphates, which are part of the seawater composition. Table 2
shows the change that occurs when the formulation is applied to the corrosion product
layer, where the C content increases from about 4 wt% to values greater than 60 wt%.
Otherwise, the Fe content decreases to values less than 1 wt%. This is best observed in
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the elemental chemical mapping (Figure 6), where the C and O content is homogeneous
throughout the converted surface. Fe is still apparent but in smaller amounts.

Table 2. Elemental chemical composition of corrosion products with and without rust converter.

Element (wt.%)

Sample C (0] Na S Cl K Fe
Corrosion products 4.60 27.00 - 0.24 3.06 0.56 65.10
Rust converter 64.63 33.76 0.69 - - 0.09 0.82

1288 > 'y
Ch i MAG:S00x JHV: 20KV, WD:8.2mm o )

3285
Ch1 MAG:500x HV:20kV WD:9.2mm

Figure 6. Elemental chemical mapping of the converted layer: (a) analyzed zone, (b) C distribution,
and (c) O and (d) Fe residues.

Cross-Section of the Converted Layer

Figure 7a shows BSE-SEM images of the cross section of corrosion products with
a rust converter. According to the EDS analysis, the thickness of the converted layer is
230-254 um, and the visible product layer is approximately 28-30 um thick. With the BSE
detector, the system can differentiate by contrast by atomic number; the bright zone is
the metallic substrate, the gray zone is the corrosion products, and the dark zone is the
converted layer (Figure 7b). In Figure 7c, at 1000, the interface between the corrosion
product layer and the converted layer is observed, even though a few bright particles
associated with the cast iron are observed. At higher magnifications, specifically at 3500 x
(Figure 7d), particles of iron oxides are identified. Finally, amorphous and crystalline
structures are also observed on the corrosion product layer, in addition to the existence of
adhesion of the rust converter.
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FlexSEM-LANCIC 20.0kV 5.9mm x1.00k BSE-COMP ' 50.0um

Figure 7. Cross-section: (a) thickness of the converted layer at 100, (b) contrast difference by atomic
number at 350, (c,d) interface corrosion products/rust converter at 1000 x and 3500x.

Elemental chemical mapping of how the rust converter is deposited on the surface
of the corrosion products is shown in detail in Figure 8. The orientation is similar to
amorphous blocks of high-molecular-weight organic structures that settle during spraying
and drying. Voids or cavities are also observed, as shown in Figure 4. EDS elemental
chemical mapping shows that Fe is still present in the converted layer. The oxygen (O)
is present in the layer of corrosion products and the rust converter. Finally, C enters the
corrosion product layer, converting them into more stable rust.

R

Ch1 MAG:250x HV:20kV WD: 6.2 mm

3300
Ch1 MAG:250x HV:20kV WD:6.2mm

Figure 8. Cont.
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Figure 8. Elemental chemical mapping of the cross-section: (a) distribution of Fe and C, (b) C, (c) Fe,
and (d) O.

In relation to the previous idea, the linear scan by EDS (Figure 9) shows an interaction
between the corrosion products and the converter film that covers approximately 40 pm.
With this analysis, the thickness of the converted film and corrosion products is estimated
to be approximately 260 um and 80 um, respectively.

T T T =
400
Distance / pm

T
0 200

Figure 9. Linear scan by EDS: C (dark line) and Fe (red line) content.

3.4. Spectroscopic Analysis

Raman spectroscopy results are presented in Figure 10. This spectrum corresponds to
a mixture of lepidocrocite (220, 242, 376, and a broad band around 528 cm_l) and goethite
(294, 400, 414, 376, and 686 cm ') with sharp peaks (278, 636, and 651 cm™ 1), which may
not correspond to corrosion products and may be associated with atmospheric particles
(phosphates, sulphates, or silicates) deposited on the rust layer [44,51]. Lepidocrocite has a
peak of higher intensity at 242 cm~!. Other characteristic peaks of this phase were found
at 376, 528, and 650 cm ™! [61]. Goethite has a symmetrical bending band at 388 cm™!
attributed to Fe-OH bonds. The peaks at 299 and 686 cm ! belong to goethite [44,46,51-54].
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Figure 10. Raman spectrum of cast iron corrosion products.

The extract of Mimosa tenuiflora (Figure 11 left) demonstrated adsorption bands at 750,
863, 1050, 1130, 1169, 1476, 1517, 1636, and 3415 cm~!; these values are in agreement with
those previously reported [55]. Of the tannin components, gallic acid was identified in
absorption bands at 750, 899, 1050, 1248, 1540, 1633, and 1683 cm !, while catechin bands
were observed at 719, 750, 812, 863, 1050, 1169, 1476, 1541, and 1648 cm™~1. The absorption
bands at 719, 750, 812, and 1732 cm~! are due to aromatic substitutions. However, the
bands at 719 and 750 cm ™! are attributed to -CH,- (rocking) bonds. At 1560 cm ™, it is
possibly due to the benzene nucleus conjugated to dienes. The peaks at 1050, 1093, and
1130 cm ! are characteristic of OH groups. Phenols were found in adsorption bands at
1169, 1212, and 1248 cm~1. At 1393 and 1476 cm™—}, they are characteristic of CHs and
CH; bonds. The extract contains aromatic substitutions in its structure and two peaks are
found at 1541 and 1557 cm~!. Other functional groups identified were carboxylic acids
at 1700 and 1716 cm~!; polyenes at 1636, 1648, and 1683 cm~!; C=CH, bonds at 1770 and
1869 cm~1; and CHj (vas) bonds at 2963 cm~ 1. Finally, the absorption band at 2361 cm™!
belongs to atmospheric CO;.
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Figure 11. FTIR spectrum, (left) Mimosa tenuiflora extract (right) corrosion products and rust converter.

In the corrosion product layer (Figure 11 right-black line), characteristic lepidocrocite
bands were found at 580 and 740 cm ™1, attributed to Fe-O bonds. Two other bands at 1028
and 1152 cm~! are associated with §OH (Fe-OH) bending vibrations. The absorption bands
of goethite were found at 793, 900, and 1368 cm L. The band at 3330 cm ! is associated
with the OH group of the Fe-OH bond. The bands at 1509, 1600, 1750, and 2932 cm™!
are associated with conjugated C=C bonds, C=O carboxylic acid, and CH3 asymmetric
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vibration, respectively. At 1520 cm™!, it is a characteristic signal of a carbonyl group
(C=0) [56-63].

The converted film using Mimosa tenuiflora extract is presented in Figure 11 (right-red
line), in which there is a decrease in the band at 820 cm~! of goethite. Another band of
goethite remained intact at 875 cm~!; this was expected, since the converter reacts very little
with this iron oxyhydroxide. The lepidocrocite bands still appear at 1021 and 1152 cm ™!
but with lower intensity. The presence of absorption bands at 1540 and 1567 cm ™~ is due
to a new formation of O-Fe-O and C-O-Fe bonds in the Fe?* /Fe3* chelate between the
reaction of corrosion products and the rust converter. Possibly, in these bonds, there is an
aromatic substitution. At 1628, 1642, and 1682 cm ™! are characteristic polyenes found in
structures such as catechin, gallic acid, and tannic acid. Other bands characteristic of ferric
tannate were found at 1450, 1657, 1682, and 1712 cm . Small peaks at 1338 and 1703 cm !
can be attributed to gallic acid monohydrate [11,13,15,17,64].

3.5. X-ray Diffraction

The type of ferrous material does not affect the composition of corrosion products. The
common corrosion products in modern and old iron alloys are mixtures of oxyhydroxides
(lepidocrocite and goethite) and oxides (magnetite, maghemite, and hematite) [65,66].

Figure 12 left presents the X-ray Diffraction pattern of the corrosion products iden-
tified after 90 days of weathering. The corrosion product layer is composed of goethite
(orthorhombic), lepidocrocite (orthorhombic), and magnetite (cubic). The diffraction peaks
with the highest intensity and where the preferential growth orientation is present in the
corrosion products were found at (111), (201), and (311) for goethite, lepidocrocite, and
magnetite, respectively. However, the standard of goethite peaks with higher intensity is
located at (101).
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Figure 12. Diffractograms: (left) layer of corrosion products and (right) with rust converter.

Scherrer’s Equation (1) was used to calculate the crystallite size:

_ ()
b= (FWHM)(Cosb) @

where (3 is the crystallite size; k is the crystal factor, whose value can be between 0.9 and 1;
A is the wavelength of the radiation used; FWHM is the width at the average height of the
diffraction peak of the sample; and 6 is the angle of the diffraction peak [67].

The crystallite sizes for each corrosion product were 13.08 nm (goethite), 28.22 nm
(lepidocrocite), and 31.63 nm (magnetite). According to Scherrer’s Equation, it is possible
to infer that the relationship between FWHM and crystal size is inversely proportional.
That is, as the FWHM increases, the crystal size decreases.

The addition of the rust converter (Figure 12 right) did not alter the crystalline phases
identified, which are goethite, lepidocrocite, and magnetite. Magnetite and maghemite
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have similar structures to spinel; it is not easy to differentiate them, at least by XRD analysis.
Therefore, the peaks could also be maghemite [47,68].

The diffraction peaks with the highest intensity and where the preferential growth
orientation is present in the corrosion products were found at (111), (200), and (311) for
goethite, lepidocrocite, and magnetite, respectively.

The crystallite sizes for each corrosion product with the rust converter are 11.08 nm
(goethite), 2.27 nm (lepidocrocite), and 1.31 nm (magnetite). Applying the rust converter
of Mimosa tenuiflora extract produces a reduction in the intensity of the magnetite peaks.
The decrease in crystallite size, in addition to the broadening of the peaks, also causes a
certain decrease in the peak size [69]. Therefore, the crystallinity of magnetite is altered in
the presence of Mimosa tenuiflora extract.

A decrease in peak intensity can also be observed in lepidocrocite due to iron chela-
tion [70]. This can also lead to an increase in crystallite size in the (301) orientation with a
crystallite size of 4.94 nm up to 73.95 nm.

3.6. Contac Angle

Condensed water is one of the main factors in the corrosion process because different
contaminants from the atmosphere can be dissolved in the water and accelerate this process.
Therefore, it is important to know the contact angle to describe the surface’s washability.

The high porosity and hygroscopicity of the layer of corrosion products (Figure 13 left)
results in a static contact angle of 14.6°; however, when the rust converter is present, this
value increases to 70.1° (Figure 13 right). Despite this modification of the surface by the
molecules contained in the Mimosa tenuiflora extract, a hydrophobic film is not obtained.

Figure 13. Static contact angle of (left) corrosion products and (right) converted layer.

3.7. Electrochemical Characterization

Figure 14 shows the Nyquist plots of the corrosion product layer with and without the
rust converter immersed in a 3.5% NaCl solution for 72 h. The porosity and hydrophilic
nature of the corrosion product layer do not favor the protection of the cast iron. In the
Nyquist plot (Figure 14 left), a Zreal value of about 60 Q).cm? is observed at the beginning,
which decreases with time to values below 40 Q.cm?. On the other hand, the converted
layer (Figure 15 left) reaches initial values of approximately 140 Q.cm?, which decreases
after 6 h of exposure due to the fact that the corrosion product layer is not stable until
this time. In general, in the evaluated times, the process that dominates the system is
diffusion or mass transfer, since it is observed with a slope of approximately 45° at low
frequencies [12]. The diffusion process is associated with the mass transfer behavior that
occurs either in the solution, the rust layer, or the converted layer [21]. Although the slopes
are less than 45°, as the immersion time increases, the slopes increase to 45°, as can be seen
from the Bode plot of the phase angle (Figure 14 right and Figure 15 right).



Surfaces 2024, 7 157

60

—u—0h —=—0h

—e—6h %1 e-6h ]
504 —a—12h . 1 —4—12h
404y ]
24h N 4 24h
—4—48h < 48h -
~ %7 —»—72n 1 » 72h
& | |
£ .o / ]
o
g 304 ¢A/ ./ /A ~ i
g %A/ / /l = 1
= 20 2 4
N i
10 | - B
0 T T T LR e e e
0 10 20 60 0.01 0.1 1 10 100 1000 10,000
Z Real (.cm?) Log f(Hz)

Figure 14. Nyquist (left) and Bode plots of phase angle vs. log frequency of corrosion products (right).
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Figure 15. Nyquist (left) and Bode plots of phase angle vs. log frequency of rust converter (right).

The fitting of the experimental data of the corrosion products (Figure 16a) and con-
verted layer (Figure 16b) was achieved through equivalent electrical circuits (EECs), as
shown in Figure 12, where R is the solution resistance; Csyst and Rgyst, are related to the
capacitance and resistance of the systems with corrosion products and converted layer;
CPEq is due to the capacitance of the electrochemical double layer, which is affected by
the roughness of the systems; R.; is the resistance to the transfer load of the cast iron; and
finally, Z,y is related to the Warburg diffusion processes. In the second time constant at low
frequencies (very limited appreciation), Cole—Cole-type dispersion is exhibited, which has
the corresponding parameter n, with 0 <n < 1, mainly attributed to the layer of corrosion
products that had already formed to simulate a rust layer [70,71].

Csyst

By CPEdL
Rsyst |
—1F

Ret  Zw
a

Gaphite flake

Na*
Ma* cr \ I:l Solution
cr [ Met1
Na* \ - Corrosion products
Ccl Rust converter

Figure 16. CEE used to fit the electrochemical data in the (a) corrosion products and (b) con-

verted layer.
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To explain why CPE or Q is used instead of C in the proposed circuit, it is because
the processes involved are more complex, and therefore, other electrochemical parameters,
such as the constant phase element (CPE), are used, since this can explain the heterogeneity
or roughness on the metal surface [64].

The impedance of the constant phase element (Zcpg) can be expressed as in
Equation (2) [72,73]:

1
ZCPE = o———= 2
where Y, = amount of CPE, j = imaginary unit (j2 = —1), n = phase shift parameter

(n=2a/(m)), w = angular frequency. The components Y, and n were used for the calcu-
lation of the capacitance of the converted film (Cgyyy,) and double layer (Cq), following
Equation (3) [74]. The obtained CPE values were used to calculate the capacitance values
using the Brug Equation, as shown below [75]:

)1/(1%) o

C= (Q—lRQ“

Table 3 shows the electrochemical parameters obtained by EEC. At the beginning of
the test, the capacitance of corrosion products (Ccp) has a value of 1.67 x 10~2 F/cm?. This
value is considered low in comparison with a rust converter, which reaches a capacitance
(Cre) of 3.81 x 107% F/cm?. At the end of the evaluation, both the capacitance (Cyc) and
resistance (Rc) of the converted layer decrease drastically, leading to the breakdown of
the protection initially granted. The values of R¢. and R, decrease during the 72 h of
immersion, indicating the penetration of chloride ions towards the metal, favoring the
dissolution of the metal and interfering in the formation of the corrosion product layer. On
the other hand, the values of n in the corrosion product layer confirm that the dominant
step of the process is diffusion. In the case of the converted film, it initially presents low
values of n, due to the heterogeneity caused by the oxide layer presenting a Cole—Cole
dispersion, and as the immersion time increases, the value of n tends to 0.5, due to the entry
of electroactive species.

Table 3. Electrochemical parameters obtained by CEE of the corrosion products and converted layer
after 72 h of immersion in NaCl at 3.5%.

Rs

Ccp ch Cdl Rt 4

. w .
Time ) em?) (F/cm?) (Q.cm?) (F/em?) n (Q.cm?) (S.s5) Chi?

0 37.06 1.67 x 1072 491 0.196 0.48 22.31 633 x 1073 250 x 1074

6 35.42 1.01 x 102 2.11 0.129 0.48 8.14 638 x 1073 1.54 x 10~*

Corrosion 12 32.89 5.45 x 102 3.65 0.154 0.51 4.10 712 x 1073 1.70 x 1074
products 24 31.23 6.37 x 1073 1.76 0.130 0.52 5.65 745x107% 1.11 x 1075
48 31.24 6.89 x 102 1.73 0.133 0.55 5.56 834 x 1073 3.66 x 10~*

72 30.68 1.63 x 1072 3.88 0.146 0.55 3.29 872 x 1073 8.69 x 1074

0 22.89 3.81 x 10 49.04 286 x107° 037 81.15 436 x 1073  1.86 x 107*

6 17.94 2.68 x 107° 18.12 6.11 x 107% 044 23.11 530 x 1073 5.64 x 10~

Rust 12 15.78 142 x 1074 1.35 128 x 1073 044 12.14 572 x 1073 971 x 107>
converter 24 18.67 3.99 x 102 1.16 378 x 1072 0.49 9.23 6.65 x 1073 8.46 x 10~°
48 17.58 2.88 x 1072 1.49 0.121 0.55 7.98 678 x 1073 834 x 107>

72 19.20 3.78 x 1072 1.41 0.116 0.56 7.34 6.89 x 1073 5.76 x 107>

Diffusion or mass transfer is the dominant or slowest process in the systems evaluated,
and this behavior is observed in the Nyquist plots with a slope of approximately 45° at low
frequencies (<1 Hz) [24]. Therefore, the diffusion process occurs through the pores of the
rust layer and the converted film, suggesting a Warburg-type component or impedance of
an infinite porous medium [76]. Although the slopes are less than 45°, as the immersion time
progresses, the slopes should increase to values close to 45° and can be clearly observed in
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the phase Nyquist diagram. It seems reasonable to associate them to a diffusion process [77].
Through the EEC fitting, it was observed that the values of n confirm the diffusion process
in the evaluated systems.

The impedance depends on the frequency of the potential perturbation. At high
frequencies, the Warburg impedance is small because the diffusing reactants do not move
much. On the other hand, at low frequencies, the reactants have to diffuse faster, increasing
the Warburg impedance. Equation (4) for the Warburg impedance is as follows [78,79]:

Nl—=

(1-j) @)

Zw = 0w (w)

The Z,, values shown in Table 3 indicate that this value increases as the immersion
time progresses due to the reduced protection of the rust layer. However, the presence of
the extract as a converter increases the resistance to Warburg diffusion and decreases the
amount of electric charge in the electric double layer. Therefore, due to the presence of the
polyphenol-converted layer of the extract, the oxygen entry to the surface for the cathodic
reaction is slower to occur; although it is evident that in saline conditions, this layer tends
to detach due to rust growth, even so, a greater stability is presented during the 72 h of
electrochemical evaluation.

Therefore, the electrolyte could activate the diffusion processes, accelerating the kinet-
ics at the interface by increasing the cathodic reaction O, + 2H,O + 4e~ — 4OH™ [27]. The
latter causes the release of Fe?* ionic species which are released by the corrosion process.
Finally, the rust converter is delaminated by the growth of rust.

Figure 17 shows the surfaces of the rust layer and the converted layer after 72 h of
immersion in a 3.5 wt.% NaCl solution. It can be seen that there is a breakdown of the rust
layer during the test. On the other hand, the presence of the rust converter remains on the
surface where the cracked morphology of the converted film is still shown, but in spite
of this, precipitates of iron oxides are observed (clear zones), indicating that the ferrous
ions migrating towards the surface react by precipitating on the converted layer. Another
reason for the presence of iron oxides can be related to the growth of the rust layer and
this causes damage to the converted film by the extract, and thus its protective capacity
decreases. The EDS analysis has shown that the presence of Cl in the precipitation zone is
less than 0.28%, which confirms that it is only the iron oxide compounds that are present.

Figure 17. Layer of corrosion products (a) and converted film (b) after 72 h of immersion in saline solution.

4. Conclusions

Raman and XRD spectroscopic analysis of the corrosion products identified the crys-
talline phases lepidocrocite, goethite, and magnetite. The Mimosa tenuiflora extract allowed
the effective conversion of the oxide present on the surface of the cast iron, with an in-
crease in C content from 4.60% to 64.63%, and a decrease in Fe from 65.10% to 0.82%. The
cross-section confirmed the penetration of C belonging to the extract towards the interior
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of the layer of corrosion products, indicating the existence of a stable oxide conversion
and how small particles of rust remained intact. FTIR absorption bands of the extract
were identified, possibly composed of tannic acid, catechin, and gallic acid. When the
converter was applied, absorption bands appeared mainly of iron chelates, and with XRD,
the alteration of magnetite crystallinity was observed. The static contact angle showed an
increase in the protective properties of the corrosion products with the oxide converter,
with an increase from 14.6° to 70.1°. The EIS results showed that the protective capacity
of the corrosion products is improved with the green extract; however, it is affected by
the chloride ions, which enter the microcracks of the protective film surface, leading to its
degradation. The green rust converter could be used in the protection of metallic heritage
and in the industrial field in environmental conditions with high chloride ion contents,
but further evaluation could prove better protection in non-saline conditions and indoor
environments. In addition, this rust converter may be able to combine and enhance its
properties with other materials to provide hydrophobic properties.
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