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Abstract: The corrosion inhibition effects of Drimia maritima (L.) Stearn sin. Urginea matima (L.) Backer on three
different materials, i.e. as-cast Al-7 wt.% Si alloy, SAE 1020 low carbon steel and commercially pure Al samples,
into a stagnant and naturally aerated 0.5 M NaCl solution are evaluated. For this purpose, both the
potentiodynamic polarization curves and electrochemical impedance spectroscopy with equivalent circuit are
utilized. It is found that inhibition effect increases up to certain minor Drimia maritima content. Adsorption
isotherms (e.g. Langmuir and Temkin) have indicated that all three examined material comprise physical
adsorption mechanism. Al-Si alloys have attained inhibition efficiency of about 96% at 25 °C with 1250 ppm of
Drimia maritima, and ~43% with 625 ppm at 45 °C. On the other hand, the cp. Al and SAE 1020 samples attain
~ 89% and 68% with 1250 ppm and 500 ppm at 25 °C, respectively. This clearly indicates that the dosage of
Drimia maritima green inhibitor into NaCl solution posses certain susceptibility for each distinctive material
examined. Impedance parameters obtained by using CNLS (complex non-linear least squares simulations) are
correlated and discussed.

Keywords: inhibitor; electrochemical impedance spectroscopy; polarization curves; Langmuir;
adsorption isotherms; Al-Si alloys; low carbon steel

1. Introduction

Corrosion is a catastrophic deterioration of materials occurring due to electrochemical reactions,
one of an anodic nature and the other cathodic [1-3]. This is provoked by the potential difference
between the oxidant (generally the corrosive medium) and the anode (metal). The energy absorbed
by the metal during its extraction is the “driving force” to achieve at stable oxidation state,
considering that even temporarily, there is always a non-stable stage [3,4]. The corrosion of metals
has a significant impact on the development of a country, contributing to direct and indirect financial
losses. It is even compared to the costs related to any natural disaster like an earthquake [5]. Kesavan
and collaborators [5] have reported that direct costs related to corrosion in USA have reached of about
276 billion per year. This is relatively higher than normalized losses computed from natural disasters
(~US$17 billion). It is also reported [5,6] that of about 25 to 30% of annual corrosion costs can be
prevented or managed by appropriate practices related to minimizing the phenomenon. Among
various preventing mechanisms of the metallic corrosion, the corrosion inhibitors constitute one of
these methods to minimize or eliminate the undesirable deterioration. In the same direction of the
financial expenses related to the corrosion phenomena affecting the economy [5,6], the use of
corrosion inhibitors also plays an important role in a country's economy [7].

In a general and simplified way, the corrosion inhibitor is a compound or chemical substance
[8-10], which is commonly added in minor quantity (up to 1% wt.%) [9-11]. These compounds are
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adsorbed on metal surface, and corrosive effect is minimized. The effect of the inhibitor is usually
evaluated by calculating its inhibition effectiveness, i.e. a percentage calculated between the relative
corrosion in the medium containing and absenting content of the inhibitor compound.

Distinct inhibitors are widely used [7-9] such as cooling and water treatment systems, in
concrete, handling and storage of electronic and military equipment [9-11]. It is recognized that the
corrosion inhibitor efficiency is different inside a same industrial application. This intimately
associated with the diversity of environmental conditions, the nature of the industrial equipment or
the physiochemical characteristics of the water used in the system [9].

From the material behavior point of view, aluminum induces 100% recycling without
considerable loss of its natural qualities. Sangeetha and collaborators [12] have reported that in
Europe, among Al recycling fields, approximately 42% was related with “soda and beer cans”. In
terms of corrosion, Al, in its pure state, does not have high corrosion resistance, especially considering
its corrosion potential, when compared to other elements. However, since a thin oxide layer (e.g.
AlOs, AI(OH)s, and AIO(OH)2) forms on its surface, makes it highly resistant to corrosion in both air
and in most environments [12-17; 2-3]. On the other hand, media containing chlorides or acidic media,
the mentioned oxide layer is significantly affected.

Due to their rigidity combined with “lightweight” characteristics, aluminum alloys are adopted
into automotive, aerospace and aeronautical applications [14-16; 1]. When Al is passivated, an oxide
protective layer can be constituted. However, distinct Al-based alloys contain intermetallics [16], and
these provoke substantial corrosion resistance decreasing [12-17]. Due to their high technological
value and wide industrial application, both Al and its alloys represent an important category of
material [17]. During the last 12 years involving various Al alloys (e.g. Al-Cu, Al-Si, Al-Zn, Al-Cu-5i,
Al-Fe, Al-Ni, Al-Pb, etc.), it has been reported a close correlation between the resulting
microstructural array and their corrosion resistance and mechanical properties [18-33].

Concerning to corrosion inhibitors, Kesavan et al [5], have reported that one of the first studies
considering organic corrosion inhibitors is attributed to Speller and co-authors [34; 5]. During several
decades, chromates, nitrates, among others, were widely used. However, due to their toxic and
carcinogenic aspects, a searching for other inhibition strategies, e.g. salts of rare earth elements, such
as Cerium III acetate [16; 5] has been pointed out. However, the “contaminant” or “non-natural”
aspects and difficulties in disposing and packaging the compound produced open the way for fierce
but corroborative exploration in “green chemistry”. This provides an opportunity to plan, to develop
and to create any research with a non-polluting aspect and with minimal production of waste/waste
(disposal). Besides, it should be associated with minimum energy consumption [35].

Considering the aspects of cost, biodegradability, low toxicity, availability and
“environmentally friendly”, a new class of corrosion inhibitors emerges, and recognized as “green
inhibitors” [36]. A great number of synthesized organic inhibitors shows good anticorrosive
responses, but most are highly toxic to the human body and the environment [37; 35-36]. In this sense,
the use of inhibitory molecules containing heterocyclic compounds with polar functional groups (e.g.
N, S, O and P) and associated with double bonds in different aromatic structures are preferred for
the inhibition effect [35-37]. Basically, these substances adsorb on the metal surface and the
deterioration reaction is minimized or blocked [35].

Sangeetha et al [12] have reported more than 20 different natural extracts from plants acting as
green corrosion inhibitors for Al and alloys (e.g. Al-Mg, Al-Mg-Si, and Al -Zn-Mg) in distinctive
corrosive media, e.g. NaCl, HCl and NaOH. Inzunga et al [9] have reported that since 1982, more
than 44 patents on corrosion inhibitors considering heat exchangers containing water, for protecting
steel in concrete, oil/petroleum industry were published. Xhanari and co-authors [8] point out that
caring for the environment using sustainable and abundant sources has an important parameter of
impact on society and the people's well-being. They have also shown a distribution and research
carried out in the last 20 years related to natural plant extracts for use as corrosion inhibitors,
intrinsically related to Al and its alloys [8]. In this work, 176 references are cited, of which more than
70% report on plant extracts and natural products (e.g. mango skin, coffee, pineapple, Jasminum tea,
Hibiscus, Ginseng, Mint, among others). Medicines (when consumable by humans, e.g. the antibiotic
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amoxicillin), “gummies” (arabica and xantham) and natural oils (bee honey) complete the set of
research on green corrosion inhibitors at work [8].

Badawi and Fahim [38] have shown that green corrosion inhibitors are classified as “organic-
based” and “inorganic-based” (commonly from rare earth elements) compounds. From those
organics are mentioned surfactants, plants, biopolymers and amino acid substances. They have also
suggested that from organic-based compounds, loafs, fruits/vegetable peels and roots are majority
utilized. Based on all referenced works and especially those that review the literature [8-9; 12-13], it
is clearly observed that the method and technique used to extract the inhibitor compound interfere
with its efficiency, purity, concentration of inhibitor and antioxidant activity. Furthermore, the
extraction time and cycle, temperature and solvents used (e.g. methanol, ethanol, isopropanol,
acetone, acids, ethyl acetate, among others) [8] present complexity, and expensive methods and
techniques are involved. It is observed that literature is scarce concerning to the interpretation of
impedance parameters mainly capacitance and resistances associated. Also, the equivalent circuits
adopted provide limitation in its interpretation and correlation with adsorption mechanism. This
present study is focused on evaluation of the electrochemical impedance parameters associated with
polarization results and correlating with physio and chemical adsorption mechanisms of the
proposed green inhibitor. Associated with this novelty, it is stated that a new green inhibitor is
investigated. It is prepared from the Drimia Maritima (L.) Stearn sin. Urginea matima (L.) Backer [39—
42], which is not been reported as green corrosion inhibitor. It is a plant native from Mediterranean
region, Africa, and India [42]. Based on its content molecule, it is reported that it provides positive
effects in respiratory deficiency treatments (e.g. as pneumonia, bronchitis and asthma) [42]. This
substance has also has anti-inflammatory, antioxidant and antibacterial effects [39,40]. Due to the
presence of bufadienolide glycoside compounds, it has been clinically used to treat cardiac disorders,
based on Proscillaridin A [43], which is one of the most important constituents [42,43] when a gel
from the plant is obtained. It is also worth highlighting that activity antitumor (e.g. human lymphoma
[44], breast cancer [45,46], human fibroblasts, adrenocortical carcinoma, etc.) was also investigated
for this type of compound obtained mainly from D. maritima [43].

2. Experimental Procedures

2.1. Materials: Natural Green Inhibitor

The plant (D. maritima) is also known as sea onion, Scilla maritima, yellow onion, among other
ones. It belongs to the Liliaceae family, grows from autumn to spring and has a certain ornamental
value. It produces flowers, but the compound under investigation is found in the bulb, being the part
of research interest of the species [39-46]. There are two species; one is white and the other red [39],
which is attributed to the preparation of rodenticides [39-42]. A viscous white to clear liquid is
withdrawn from bulbs. A gel is produced by mixing 1:1 from viscous liquid with distilled water (pH
= 6.98 (+0.02) (at environmental temperature, ~25+2 °C). It is remarked that it is not added other
compounds or solvents for its extraction, e.g. methanol, ethanol, acids, salts or acetone [8; 40-41; 48-
50]. Besides, no heating is used, as widely reported.

To effectively preparing of the gel, the bulbs are washed. After, the bulbs are cut using clean and
sterilized utensils to avoid possible contamination. The portion of bulb is added to distilled water
and kept during 24 hours. After this period, the “gel” is constituted and for each distinct materials,
determined portions into stagnant 0.5 M NaCl (electrolyte) at temperature of about 25 (+2) °C are
used. The inhibition effects of the Drimia maritima or sea onion, as green inhibitor for Al-Si alloy, SAE
1020 and c.p. (commercially pure) Al samples are investigated.

2.2. Materials: Alloys and Electrolyte Solution

In order to evaluate the inhibition effects added to aggressive medium (NaCl solution), three
distinct materials are used: Al-7.5% wt.% Si alloy (AS); c.p. Al ingot (AP); and SAE 1020 low carbon
steel (CS). Although there is a great gamma of materials with diversity application, these materials
were selected based on its possible applications into aerospace and automotive industries, heat
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exchangers, water treatment systems, etc. [1; 18-33; 51-52]. A volume of about 40 (+ 2) mL of a stagnant
and naturally aerated 0.5 M NaCl (electrolyte solution) at environmental temperature (25 + 2 °C) is
used. The inhibition effect by using Al-Si alloy at 45 (+ 3) °C is also adopted to confirm the decreasing
protection effect, as expected for majority or all inhibitors. The metallic samples (i.e. AS, AP, CS) with
areas of about 1 (+ 0.3) cm? were prepared to electrochemical measurements. Before all
electrochemical tests, the samples were adequately ground by using 1200 grit SiC papers. These
samples constitute the working electrode (WE).

2.3. Electrochemical Measurements and Inhibitor Efficiency (IE)

A conventional system of three electrodes cell kit system is used to evaluate the corrosion
behavior. The WE with specific exposed area is constituted by different materials (AS, AP, CS), while
a platinum plate (~1000 mm?) and a saturated calomel electrode (SCE) constitute the counter and
reference electrodes. A volume of about 40 (+ 2) mL of a stagnant and naturally aerated 0.5 M NaCl
(electrolyte solution) at environmental temperature (25 + 3 °C) is used.

Before each experimentation, the samples are immersed up to a steady-state is reached (~ 15 +2
min). A VersaStat 4, Princeton Applied Research® (PAR) is used. Electrochemical impedance
spectroscopy (EIS) measurements are carried out prior to potentiodynamic polarization tests. EIS
initiates after steady-state and sequentially, polarization measures are carried out. EIS measures are
carried out using 10 points per decade with amplitude potential of about 10 mV, peak-to-peak (AC
signal) in open- circuit, and frequency range between 105 Hz and 10-2 Hz is adopted. CNLS (complex
non-linear least squares) simulations are carried out to compare simulated data with those
experimental results. For this, a ZView® software (version 2.1b), Scribner Association Inc., Southern
Pines, NC, USA, is used and associated with an equivalent circuit (EC) and obtained the data. The
EC is shown when EIS data are shown and discussed. The potentiodynamic polarization
measurements are carried out considering an open-circuit potential with a determined scan rate of
0.167 mV/s from - 600 to - 1000 mV (vs. SCE) is selected. All experimentations are carried out at least
considering duplicate in order to guarantee its reproducibility.

The inhibitor efficiencies, i.e. IE(i) and IE(R), are calculated in percentages as described in
Equations #1 and #2. These consider both the corrosion current densities (icorr) obtained from the
potentiodynamic polarization curves and the resistances (Rz) parameters obtained from EIS
data/simulation CNLS, respectively.

[EG)% = ( icorr(plank) - icorr(inh)> <100 (1)

icorr(blank)

IE(R)% = ( R2(blank - RZ““‘”) x 100 @)

Rz(blank)

where icorrplank) and icorrann are the obtained value of the corrosion current densities without
“green inhibitor” content and by using distinctive concentration (i.e. 150, 300, 625, 1250 and 1875
ppm) of the Drimia maritima gel, as green inhibitor. Analogue, Raplank) is the resistance associated with
a determined capacitance in absence of the green inhibitor content; and R corresponds to
resistance associated with distinct concentrations contents. Both resistances are obtained from EIS
parameters when fitting experimental data using CNLS simulation.

2.4. Adsorption Isotherms Determinations

In order to determine the interaction between inhibitor molecule and surface of the examined
metal (i.e. Al, Al alloy and SAE low carbon steel) the adsorption isotherms are determined. These
help to understand or suggest to prescribe the mechanism of adsorption. Langmuir isotherm,
modified Langmuir, Temkin, Frumkin, Flory-Huggins and Freundlich isotherms are used. Based on
the attained correlation coefficients (R?) provided by each one of the isotherms, the quality fitting is
achieved, and the adsorption behavior profile is discussed. Equations and other details

corresponding with distinct isotherms are forwardly provided and discussed. Associated with each
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selected isotherm, the adsorption coefficient (K) and the standard Gibbs free energy of adsorption (

AGads ) are also determined and forwardly discussed.

3. Results and Discussion

Before to initiate the discussion, it is important to remember that a gel tranparent from the bulb
of D. maritima is obtained and used as a potential green inhibitor. For this purpose, Al-7.5 wt.% Si
alloy, c.p. Al and SAE 1020 samples are examined. experimental results of the fresh state of the
examined SCC samples are shown in Table 4. Same areas and similar conditions (stagnant 0.5M NaCl)
to corrosion measurements are used. These materials are adopted since are commonly used in a great
variety of undustrial applications. Additionally, with these materials, a general visualization for
potential utilization of the D. maritima as green inhibitor is provided. Interesting that no alcohol route
or destilation or synthesizing routes using solvent are not applied. A simple aqueous extration is
carried out. Although there exists some limitations in the present investigation, the results induce
that a new and promisse green inhibitor is attained.

3.1. Chemical Constituents of D. maritima Bulbs

It is important to remarke that in this present investigation neither gas chromatography- mass
spectroscopy (GC-MS) and/or FT-IR spectra results are carried. The CG-MS results are based on a
recent investigation reported by Al-Abdallat [47]. They have published a phytochemical analysis of
D. maritima. The analysis according to NIST 20 and Willy 19 Libraries [47] has revealed fifty-seven
(57) compounds as its composition. Although a great quantitiy of constituents are detected, six (06)
compounds constituting higher quantities are remarked and shown in Table 1. It is observed that
“Campesterol” constitutes ~ 14% from the total. Other two compounds have ~10% each one, i.e. 2,3
Butanediol and 5-Hydroxymethylfurfural. Besides, and the fatty acids designates as “Hexadecanoic
acid ethyl ester” and “9-Octadecenamide (Z)-” constitute ~8% for each one.

As expected all organic compounds have long carbon chain with great number of atoms and
relative complex molecular structures. Intending to propose the adsorption mechanisms to metals
proposed (Al-Si alloy, c.p. Al and SAE 1020 carbon steel), these complex molecular structures
involves certain difficulty to a schematic representation depicting exact point or electronic region of
a particular molecule or partial region evidencing its chemisorption or physisorption process. Based
on this, a representative green “molecule” compound will be considered, as forwardly will be
depicted. It worth noting that all these identified compounds are commercialized (e.g. Sigma-
Aldrich) and are relatively expensive when individualized synthetized (e.g. Proscillaridin A and
Campesterol are relatively expensive, i.e. ~US$ 800.00 per 10 mg).

Table 1. — Main compounds detected in Drimia maritima bulbs suing aqueous extraction. Percentages
are obtained from GC-MS [47]. (*) Data obtained from wwuw.sigmaaldrich.com.

Common Formula Density Number
Compunds % Structure (*)
name *) (g/mol) * of atoms

Campesterol phytosterol ~ 13.87  CasHasO 400.69 77
) glycol/alco e OH
2,3 Butanediol 1045  C4H1002 3 \H\CHa 90.12 16
hol OH
5-
HO /Y H
Hydroxymethy -- 9.85 CesHsO3 o 126.11 15

Ifurfural
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6

9-

. . CigHzsN o
Octadecenamid ~ Oleamide 8.14 o~ 281.48 55

0 CHj3(CHo)gCHy5 NH
e
Hexadecanoic Palmitic o]
8.05 Ci1sH3602 PPN 284.48 56

acid, ethyl ester acid CH3(CHz)13CHy~ "0” "CH;3

Proscillaridin

A

-- 4.96 C30H420s8 530.67 80

3.2. Al-Si Alloy Results

3.2.1. Potentiodynamic Polarization Measurement

The results are organized in three distinct materials, i.e. Al-Si alloy, c.p. pure Al, and SAE 1020.
Based on this organization, the discussion initiates with Al-Si alloy containing its corresponding
potentiodynamic polarization curves followed by the electrochemical impedance spectroscopy (EIS),
adsorption isotherm data and its tentative to explain the mechanism of inhibition.

Figure 1(a) depicts the resulting potentiodynamic polarization (PP) curves of as-cast Al-7.5 wt.%
Si alloy in a stagnant and naturally aerated 0.5 M NaCl solution at environmental temperature (25 +
3 °C). The Tafel’s method is used to obtain icorr with absence and containing distinct concentrations
of the D. maritima. From here, the green inhibitor is designated as “DRIMIA” to facilitate its
nomenclature in discussion sections. The inhibition efficiencies based on the corrosion current
densities, 1E(i)%, are determined according to Equation #1, as previously described. The surface
coverage (0) values are also determined based on Equation #1 considering absolute value.

Figure 1(b) shows PP curves of Al-7.5 wt.% Si (Al-Si) alloy also immersed into a stagnant and
naturally aerated 0.5 M NaCl (40 mL) containing distinct DRIMIA contents, 6 and 12 pL into 40 mL
of electrolyte, i.e. 150 and 300 ppm, respectively. Figures 1(c) and 1(d) depict the resulting PP curves
of Al-Si alloy sample with three different DRIMIA contents, i.e. 625, 1250 and 1875 ppm, respectively.
Although it is observed that 1875 ppm (i.e. 75uL in 40 mL of DRIMIA) provides a reasonable
decreasing in the corrosion inhibition, a supersaturated concentration of 4000 puL/40 mL was soaked
and its deleterious effect was observed.

Qualitative analyses among the obtained PP curves reveal that the examined samples with
DRIMIA contents, the cathodic plateau tends to decrease. Associated with this, it is clearly observed
that with the increase of green inhibitor content, the icorr decreases. This is verified up to 1250 ppm,
as observed in Table 2. Both the IE(i)% and 6 are also demonstrated in Table 2. It is remarked that
from those error ranges of the icorr, the average values for all examined samples are considered.
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Figure 1. — Experimental results of the potentiodynamic polarization curves of the as-cast Al-7.5 wt.%
Si alloy in a stagnant and naturally aerated 0.5 M NaCl solution at environmental temperature (25 +
3 °C): (a) with absence of inhibitor D. maritima, (b) with 150 and 300 ppm, (c) containing 625 and 1250
ppm, and (d) showing 1250, 1875 and 100,000 ppm.

The highest corrosion inhibition is attained when 1250 ppm of DRIMIA content is applied.
Their inhibition efficiency is ~96%. This means that the absolute value of icorr has decreased ~24 x
when compared with the blank sample. Although a concentration of 1875 ppm is lower ~4 x than the
blank, it substantially decreases (~6x) their inhibition when compared with the sample soaked with
1250 ppm of DRIMIA. When a supersaturating of the DRIMIA content is applied (i.e. 100k ppm), it
is confirmed that corrosion inhibitor is absence. A drastic corrosion action is provoked, i.e. the icorr
severely increases of 5x when compared with the blank and both he IE and 6 are not determined.
These results induce that there exists a limit dosage (in ppm) of the proposed green corrosion

inhibitor. To confirm this possible inhibition three concentrations are selected to be performed using
heating solution, i.e. at 45 (+ 3) °C.
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Table 2. — Parameters obtained from the potentiodynamic polarization (PP) curves of Al-Si alloy
immersed into a 0.5 M NaCl solution with absence and distinctive Drimia maritima contents at 25 (+3)
°C and the calculated inhibition efficiency percentage (IE%) and surface coverage (0).

d0i:10.20944/preprints202408.2198.v1

Concentration icorr

(opm) (x 10 Alem?) Ecorr (mV) 1E% 0

Blank 0.550 (#0.08) — 765 (£2)
150 0.290 (40.04) ~ 794 (+2) 473 0.47
300 0.105 (40.02) - 750 (£2) 80.9 0.81
625 0.034 (40.003) - 761 (£2) 93.8 0.94
1250 0.023 (40.004) — 744 (£2) 95.8 0.96
1875 0.140 (40.05) ~ 752 (2) 745 0.75
100k 2.798 (40.7) — 748 (£2) N/C N/C

N/C = No coverage attained. Bold and underline means the highest IE and surface coverage.

Figure 2(a), (b) and (c) show comparisons between results of potentiodynamic polarization
(PP) curves of Al-Si alloy in a stagnant and naturally aerated 0.5 M NaCl solution at 25 (+3) and 45
(#3) °C in three distinct Drimia maritima concentrations, i.e. containing 150, 625 and 1250 ppm,
respectively. It is evidenced that at 45 °C, the inhibition corrosion efficiency is drastically decreased
when compared with the results at 25 °C. However, with 626 and 1250 ppm, the inhibitions provided
at 45 °C are achieved and slightly lower than the blank, i.e. 0.31 and 0.35 against 0.55 x 10-¢ A/cm?.
Also, it seems that the high temperature provokes an high level of oscillations in cathodic branches
and slight higher plateau cathodic with anodic branches suggesting of about at -750 mV an abrupt
“film breaking”, which was not observed when examined sample are subjected at 25 °C. This suggests
a different “protection film formation” and its breaking and/or distinct absorption mechanism.
However, no pitting potential is analyzed and these aforementioned assertions are speculative and a
systematic experimentation should be carried. From this moment, it is only noticeable that slight
differences in shapes of PP curves are observed. Forwardly, when EIS parameter will be discussed,

the adsorption mechanism will be analyzed.
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Figure 2. — Experimental results of the PP curves of the as-cast Al-7.5 wt.% Si alloy in a stagnant and
naturally aerated 0.5 M NaCl solution comparing results at 25 (+ 3) and 45 (= 3) °C in different
concentrations: (a) 150 ppm, (b) 625 ppm, and (c) 1250 ppm.

Table 3 clearly demonstrates that at 45 °C both the inhibition efficiency (IE) and surface coverage
(0) are substantially decreased when compared with same concentration at 25 °C. When hot
temperature is considered, the corrosion inhibition (i.e. ~between 40 and 42%) reaches a plateau
between 625 ppm and 1250 ppm. If error ranges are considered, it can be said that similar inhibition
efficiencies are attained. However, it is slightly suggested that 1250 ppm is the limiting and certain
degradation starts to be involved. With this, it is hardly suggested that at hot temperature the
DRIMIA content must obligatory be evaluated to attain to a reasonable protection level.

Table 3. — Parameters obtained from the curves of Al-Si alloy immersed into a 0.5 M NaCl solution at
25 (+3) and 45 (+3) °C and the calculated inhibition efficiency percentage (IE%) and surface coverage

(6).
Concentration icorr (25°C) icorr (45°C)
IE%(25°C) 0 IE%(45°C) 0
(ppm) (x 108 Alcm?) (x 105 A/lcm?)
150 0.290 (20.04) 0.75 (20.02) 47.3 0.47 N/I (%)
625 0.034 (40.003) 0.32 (#0.04) 93.8 0.94 41.82 0.42
1250 0.023 (20.004) 0.33 (20.05) 95.8 0.96 40.00 0.40

(*) => N/I=No inhibition provided at this temperature and concentration.

Although it is difficulty to compare these results with previously reported considering Al
alloys, it is accepted or recognized that hot temperature decreases the inhibition effect. The difficulty
to compare is associated with different nature of electrolyte, e.g. acidified or alkalinized, material of
substrate examined, and characteristic/nature of the inhibitor.

For instance, it was researched into literature some similar corrosion inhibitor for Al alloys and
degradation of its inhibition in hot temperature, but no articles were achieved. However, for instance,
Rugmini Ammal et al. [48] have investigated the corrosion inhibition effect of HMATD (i.e. 4-(4-
hydroxy-3-methoxy benzyledene amino)-4-H-1,2,4-triazole-3, 5-dimethanol) on mild steel in a 0.5M
HCI solution. They have shown that the highest IE at 30 °C and at 45 °C, is achieved by using the
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same HMATD concentration (300 ppm). In another investigation [49] using Al alloy and green
corrosion inhibitor (Spondias mombin L) immersed into 0.5M H2SOx solution, the authors have also
found that the highest IE values at 30 and 60 °C, are provided by the same concentration.

Wang et al [50] have also found the highest IEs with the same green inhibitor concentration in
different temperatures (20, 30, 40 and 50 °C). Evidently, all the three aforementioned studies, certain
degradation levels are observed when a hot temperature is applied when compared with a colder
(less warm) temperature. It seems that with the increase of the temperature, the DRIMIA inhibitor
content should be revised and adjusted to new level of temperature applied. This seems to constitute
a limitation to hot application of this kind of inhibition. Probably this seems to correlate with the

adsorption mechanism, i.e. physisorption or chemisorption. This will forwardly be discussed.

3.2.2. Electrochemical Impedance Spectroscopy (EIS) Measurements

In order to provide more details concern to electrochemical behavior of the Al-Si alloy samples,
EIS results are organized and discussed. Figure 3 shows Bode, Bode — phase and Nyquist plots with
its corresponding fitting by using CNLS simulation and equivalent circuit. It is remarked that EIS
measurements are carried out before polarization. However, it is adopted its presentation after PP
due to the more level of details provided.

Figures 3 (a) and 3(b) depict the resulting Bode and Bode-phase plots and Nyquist plots of Al-
Si in a stagnant and naturally aerated 0.5M NaCl at 25 (3) °C with absence and containing distinctive
concentration of Drimia maritima (DRIMIA). A rapid qualitative analysis in these EIS plots it is clearly
perceived that the DRIMIA provides corrosion inhibition. However, as also revealed by experimental
PP curves, this inhibition has certain limit, i.e. up to 1250 ppm. When 1875 ppm and super dosage of
DRIMIA (100k ppm) are utilized, the modulus of impedance (IZ1) and phase angle decrease. This
suggests that inhibition efficiency is negatively affected. Quantitative analyses are provided when
impedance parameters are obtained by using CNLS simulations. It is important to observe that EIS
plots have similar format/shape with absence and containing inhibitor contents. Figures 3(c) and 3(d)
also demonstrate experimental results of Bode and Bode-phase plots and Nyquist plots of Al-Si alloy,
but only depicting duplicate results for Al-Si with absence of inhibitor and other two containing 150
and 1250 ppm. This to facilitate the visualization of the main results when compared with Figures
3(a) and (b) with all data depicted.

Figures 3(e) and 3(f) show the experimental results of the Bode and Bode-phase plots and
Nyquist plots of Al-Si alloy in a stagnant and naturally aerated 0.5 M NaCl solution at 45 (+ 3) °C
considering also three inhibitor concentrations, i.e. 150 ppm, 625 ppm, and 1250 ppm. When a
qualitative comparison is made, EIS plots reveal slight differences in shapes. Nyquist plots have semi
arcs decreased and Bode/Bode-phase diagram, although with similar slopes, these are slightly
dislocated to right side with increasing inhibitor content. Analogue occurrence is also verified for the
Bode-phase curves mainly in high-frequency domain (i.e. between 10° and 105 Hz). This is also
associated with slight decreasing in the maximum phase angles, which are decreased and also
dislocated to right side. These observations suggest lower corrosion protection when compared with
samples examined at 25 °C. Thus, it is indicated that hot temperature has deleterious effect on the
inhibition efficiency. This discussion is quantitatively provided when the impedance parameters are
obtained using the equivalent circuit (EC) as proposed in Figure 3(g). By using EC, the CNLS

simulations provide good quality fitting between experimental and simulated data, as prescribed by
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obtained parameter designated as chi-squared (x?). With the EIS parameters, a quantitative
discussion concern to electrochemical corrosion and inhibition behavior can be provided. These

values are shown in Table 4, as followed.
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Figure 3. — Experimental EIS results of the Al-7.5 wt.% Si alloy in 0.5 M NaCl solution: (a) Bode and
Bode-phase plots, (b) Nyquist diagrams comparing blank with distinctive concentrations, (c) and (d)
showing duplicate for blank, and 150 and 1250 ppm comparisons, respectively; and (e) and (f)
comparision among EIS plots of blank and 150, 625, and 1250 at 45 °C, also in a 0.5 M NaCl; and (g)
the proposed equivalent circuit to obtain data EIS parameters using CNLS simulations.
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Table 4. — Experimental impedance parameters of the Al-Si alloy in 0.5M NaCl solution with
distinctive DRIMIA contents by using CNLS simulation and equivalent circuit.
Parameters
Blank 150 ppm 300 ppm 625 ppm 1250 ppm 1875 ppm
(at 25 °C)
Rs (©2.cm?) 22 (£0.4) 27 (£0.3) 27 (%£0.5) 29 (+0.5) 29 (%0.5) 31(+0.5)
Zcre1 (107¢Flem?) 4.49 (£0.2) 10.6 (%0.05) 8.8 (+0.8) 10.2 (=0.3) 8.4 (=0.5) 10.9 (%0.3)
Ri1 (Q.cm?) 28 (£6) 196 (%19) 320 (£80) 240 (£40) 293 (£45) 228 (£50)
N1 0.97 0.93 0.94 0.92 0.92 0.91
Zcre 2 (107 Flem?) 1.94 (+0.2) 3.62 (+0.5) 2.69 (%0.3) 3.74(%0.3) 3.58 (0.8) 6.29(%0.5)
R2(10° Q.cm?) 19.2 (=0.3) 29.3 (=0.4) 30.6 (=0.5) 34.7(x=0.7) 47.1 (x0.7) 27.6 (+0.8)
nz 0.80 0.91 0.94 0.90 0.92 0.91
a 4.31 %1073 2.54 <1073 254 <103 3.26 <1073 491 %1073 16 <1073
Sum of Sqr. 0.41 0.23 0.23 0.30 0.44 0.98
Parameters Blank 150 ppm 300 ppm 625 ppm 1250 ppm 1875 ppm
(at 45°C)
Rs (2.cm?) 29 (%0.5) 29 (%0.2) 21 (x0.5)
Zcre1 (107° Flem?) 7.92 (=0.3) 7.34 (%0.2) 8.49 (x1.1)
R1(Q.cm?) 445 (+62) 490 (+80) 1429 (+£240)
N1 0.89 0.86 0.81
Zcre 2 (107° Flem?) 1.93 (%0.3) _ 1.96(%0.2) 1.05 (x0.5)
R2(10% Q.cm?) 31.9 (=0.6) 46.7(x1.2) 46.2 (+0.8)
n2 0.89 0.86 0.83
1 3.31 %1073 1.91 <1073 1.51 <1073
Sum of Sqr. 0.30 0.18 0.14

Underlined values indicate same range or order of magnitude and bold suggest better results.

The proposed equivalent circuit (EC) is suggested due to EIS plots indicate two time constants.

Although it was not necessary to determine the number of time constants, a method [51-54] is
proposed in literature. Based on similar curves of all examined samples in EIS plots, it was adopted
that two constants domain the electrochemical behavior of the all examined samples. The physical
significance of Rs is the resistance of the electrolytic solution (0.5 M NaCl). R: and R: represent the
resistances of charge transfer of the at surface and intermediate region containing inhibitor molecule
possibly interacting with intermediate corrosion by-products and adsorbed intermediate products,
respectively. Besides, the elements Zcrea) and Zcree) represent the capacitances associated with the
inner and outer film layers on the surface of the Al-Si alloy, respectively. The parameter Zcee

characterizes the impedance of a phase element, as Equation #3.
Zere=[C(i )] 3)
where C is the capacitance; 7 is the current (imaginary number: -19%);  is the angular frequency
and -1 <n <1 [53,54]. A CPE with n = 1 represents an ideal capacitor; and when 0.5 <n <1, a
distribution of relaxation times in the frequency space is represented.

Based on the EIS parameters shown in Table 4, considering experimentations with absence

(blank) and containing distinctive inhibitor concentrations in a 0.5M NaCl solution at 25 °C, it can be
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observed the modifications attained. For instance, Rs very slightly increases (i.e. ~22 to 31) with the
increase of the inhibitor content. However, this increasing is not substantial to predict a different
ohmic resistance of the electrolyte to conclude that certain molecule or partial ions have been
dissolved and modified significantly the resistance of the electrolyte.

On the other hand, it is clearly observed that Ri and Zcreq), which should be together analyzed,
are in the same order of magnitude for all samples containing inhibitor contents, i.e. R1 between 200
and 300 Qcm? and Zcrea) between 8 and 10 uF/cm?, excepting the sample with 1875 ppm. When R:
and Zcree corresponding with inhibition contents are analyzed, it is revealed that the capacitances
Zcrep are in the same magnitude (between 2.5 and 3.5 pF/cm?) and R: increases with the increase of
the inhibitor content (i.e. from ~29k to ~47k Qcm?), and again excluding the sample with 1875 ppm.
With these results, two main conclusions can be drawn. A first, it is the fact that there exists a same
configuration or nature of adsorption for all examined samples with inhibitor content. Secondly, and
slightly more complex extensive explanation, is the fact that R1 and Zceeq) seems to associate with
outer layer configured when the samples are in electrolyte solution immersed. Since Ri values are
lower than Ry, it is induced that lower “protection” energy is involved. This suggests that a physical
adsorption is prevalent. On the other hand, due to its highest values, it is suggested that R are
associated with higher “protection” energy and inhibition efficiency than Ri, and possibly involving
inner complex layer (due to complex intermediates); and associated with a chemical adsorption
(chemisorption) mechanism. Since a physisorption commonly involves relative weak intermolecular
forces between metal and adsorbed molecule; and chemisorption summarily involves substituting
reaction between surface of metal and adsorbed substance, it is suggested that Ri and R:
predominantly are associated with physio and chemisorption mechanisms, respectively. Besides,
when Zcrea) and Zcre) are evaluated, the former are around 8 and 10 uF/cm? and the latter has lower
(~3x) than former (i.e. 2.5 and 3.5 pF/cm?). Associated with the decreased capacitance, their
corresponding resistance is increased, which is from the electrochemical pint of view, an indicative
that their electrochemical behavior is improved.

When the EIS parameters corresponding with the hot electrolyte (at 45 °C) containing inhibitor
contents are analyzed, similar electrochemical verified at 25 °C, however, with decreased inhibition
efficiency, as expected and also reported in literature for all other kinds of inhibitors [48-50]. Thus,
Ri values (~450 Q2cm?) are lower than Rz (~450 Qcm?) and (between 30k and 45k Qcm?). However, it
is remarked that with 1250 ppm of DRIMIA inhibitor, the inhibition efficiency starts its degradation
or fade-out in protection is prevalent. Although its capacitance and resistance seems to indicate better
results, it is worth noted that polarization curves previously analyzed have revealed similar behavior.
Besides, it should be mentioned that parameters “n:” and “n2”, which are lower than its peers, when
150 and 625 ppm are evaluated. Also, these parameters at hot electrolyte are lower than
environmental temperature. It remembered that “n:”“ and “n2” possibly reflect certain “unevenness”
or irregularities on the electrode surface due to more complex intermediates formation and
interaction of adsorption, as also reported by Wang et al. [50]. Lower value suggests more
irregularities on surface and more distant form ideal capacitor behavior, indicating a decrease in
corrosion resistance, or decreased inhibition efficiency. Since a great number of involved substances
constitute the bulk of DRIMIA (with 57 distinctive substances), it is difficult to predict the accurate
mechanism of adsorption. However, a tentative to prescribe this mechanism is proposed based on

the experimental results obtained when isotherm adsorption analyses are carried out, as follow.
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3.2.3. Adsorption Isotherm and Inhibition Activity Results

The understanding of the adsorption behavior of DRIMIA on the surface of Al-Si alloy is
essential to explain its corrosion inhibition mechanism and facilitate the correlation with EIS and
polarization parameters obtained. The inhibition efficiency (IE) determined by using corrosion
current density is used to calculate the coverage 0, as shown in Tables 2 and 3. Based on these values
and comparing or trying to compared with previous investigations, as also reported by Lai et al. [55],
that recently concatenate some information concerning to inhibition efficiencies (IE) of different
corrosion “organic” inhibitors for alloys in distinctive media. For instance, they [55] reported that IE
of 93.3%, 94%, and 94.5% are attained when green inhibitors of Cassava starch graft copolymer
(CSGC) [56], Konjac glucomanan (KGM) [57] and its owner inhibitor CPT (Chitosan and 4-pyr-
idinecarboxaldehyde) [55] are used, respectively. They [55] have stated that the IE found for CPT (i.e.
94.5%) is better than those already reported inhibitors used for aluminum alloy. It is really agreed
with authors that IE reached is a substantial inhibition level. However, it is relatively complicate to
compare with other studies. This due to Al alloys present different solute content, which can infer in
galvanic couples and significantly affect the corrosion behavior. Besides, each different study has
considered distinct medium. When CSGC is evaluated, HNO:s solution is utilized, and when KGM is
investigated, a NaCl solution is adopted, but a different Al alloy is used.

Additional to these comparisons provided by Lai et al. [55], four other studies involving green
or eco-friendly inhibitors are included. The first dating into the 2012 [49], reporting Spondias mombin
L extract in sulphuric acid with IE attained of 95.1%, and second study published at 2019 [56], also
involving green inhibitor for Al alloys immersed into HCl solution and reaching an IE of 95.6%. A
third study published by Jakeria et al [57] at 2022 involves an organic inhibitor (2-
mercaptobenzimidazole, 2MBI) on AA6061 Al alloy in 0.1M NaCl solution and an IE of about 65%
afterl day of immersion and ~20% after 14 days od immersion. A 4™ investigation [58] recently
published (at 2023) concerns to effect of rosemary extract in 0.05 M NaCl solution in AA5052 Al alloy
and an IE of 96.48% is attained.

It is clearly observed that all aforementioned studies provide very acceptable IE levels. In our
present study by using DRIMIA, the IE levels is of about 95.8 %, which is very compatible with these
previously reported. This inhibition efficiency is reached when icorr values are considered. When the
polarization resistances (i.e. Ri + Rz2) obtained from the impedance parameters (shown in Table 4) are
used, the IE percentages are reasonably distinctive (i.e. 34.9%, 37.9%, 45%, 59.5% and 30.9%) from
those calculated using icorr values. However, a same trend is attained, i.e. increasing inhibition
concentration, the highest IE is that of with 1250 ppm (59.5%). Probably, these difference in the IE
from icorr and R: + Rz is correlated with equivalent circuit adopted.

It is recognized that adsorption isotherms are utilized to prescribe the mechanism of
adsorption and interaction between inhibitor molecule and Al surface (substrate). In this sense, there
exists a great number of distinctive isotherm equations. Although commonly Langmuir isotherm or
modified Langmuir equations are widely utilized, it was also tried to apply or calculate the inhibition
efficiencies with other isotherms, such as modified Langmuir, Temkin, Frumkin, Flory-Huggins and
Freundlich isotherms, as shown Figure 4. Based on the correlation coefficients (R?) utilized to decide
to adopt or to adjudge the isotherm providing best quality fitting, it is verified that Langmuir,
modified Langmuir, and Temkin isotherms provide coefficient R? higher than 0.90, as depicted in

Figure 4(a), 4(b) and 4(c), respectively. On the other hand, when utilizing isotherms of Frumkin,
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Flory-Huggins and Freundlich isotherms, all obtained R? are lower than 0.90, which indicate these
are not adequate to prescribe the adsorption behavior profiles. It is also remarked that Figure 4(a),
(b) and (c) also depict isotherms considering experimentation at 45 °C, which also reveal R? with
acceptable quality fitting, i.e. 98, 95 and 97%, respectively. Since other isotherms have not provided
at 25 °C a good fitting, no fit at 45 °C. are used. Equations corresponding with distinct isotherms are
widely reported [47-50; 55-59].

Since Langmuir and Temkin isotherms provide highest R? at both 25 and 45 °C, their

corresponding Equations are reported, as Equations #4 and#5:

(4)

exp (—2a0) = K¢

©)

where 0 represents the degree of surface coverage considering corrosion current densities (icorr)
(Table 3), which are intimately associated with inhibition efficiency (IE). The inhibitor concentration

or content is represented by “c”, in ppm; “K” (ppm) is the equilibrium adsorption constant; and “a”

is the molecular interaction parameter [59].
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Figure 4. — Langmuir (a) Langmuir modified (b), Temkin adsorption isotherm plots at 25 and 45 °C;
and (d) Frumkim, (e) Flory-Huggins and (f) Freundlich isotherm plots at 25 °C; and (g) inhibition
efficiency (in percentages) with a function of the DRIMIA concentration at 25 and 45 °C.

Figure 4(a) depicts “c/0"" versus “c” plot at 25 oC and 45 oC considering Langmuir isotherm.
From the intercepts of the straight lines on these plots, the adsorption coefficient (K), which is related
to the standard Gibbs free energy of adsorption designated as AGads determined by Equation #6.
AGass=-R T In (10°K)) 6)
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where R is the gas constant, T is the absolute temperature, 106 is the concentration of water
(mg/L) [55]. All AGads values are shown inset Figure 4. It is recognized that negative AGads indicate a
possible spontaneous and strong interaction adsorption of the extract on Al surface is occuring [49;
55]. Commonly, AGads close to =20 k] mol™ or lower indicates consistent with the electrostatic
interaction between charged organic molecules and the charged metal surface (physisorption). On
the other hand, when close to —40 k] mol™ or higher, it is suggested that the charge sharing or transfer
from the organic molecules to the metal surface constituting a coordinate type of bond
(chemisorptions) is provided [49]. Based on Figure 4 and all AGadas values obtained, it is suggested
that physical adsorp- tion mechanism is prevalent, as also observed by Obi-Egbedi [49] when
investigating Spondias mombin L. extract (organic inhibitor) on Al surface immersed into 0.5 M H2SO4
solution. Farag et al [59] have also observed a prevalent physical adsorption using an eco-friendly
inhibitor for carbon steel also in a 0.5 M H250s solution.

Based on this, it seems that in all experimentations carried out using DRIMIA as organic and
eco-friendly corrosion inhibitor, a prevalent electrostatic interaction (physisorption) mechanism
domains the adsorption between negatively charged of the DRIMIA components (are 57 compounds,
as shown in Table 1) and positively charged cation of Al*® at surface. The inhibition efficiency (IE) as
a function of DRIMIA concentration is shown in Figure 4(g). It is clearly observed that the highest IE
is attained with 1250 ppm, and increasing this content, a deleterious effect is prevalent, as
aforementioned when discussing polarization and EIS parameters.

It is also suggested in literature [55], that the IE depends on the applied temperature. The
experimental results also indicate that at 45 °C, a decreasing in the adsorption strength between Al
surface and inhibition molelules is observed, which suggests a physisorption behavior. Pradityana et
al [60] have stated that possibly electronegative O or N atom electrons pairs and metal, provide a
nonpolar nature to organic inhibitor bloking the polar of corrosion solution. This behvaior is a
physisorption mechanims between functional groups in the inhibitor molecule and metal.

Evidently, it is recognized that the chemical structure of the inhibitor molecules affects the
inhibitor corrosion behavior due to its the nature and charge of the metal. In this sense, although it is
suggested that the predominant inhibitor mechanism is physisorption, with Al** favoring adsorption
of Clions on its surface, the DRIMA molecules will stick onto the chloride ion adsorbed on Al surface
by physical adsorption. However, as also reported by Lai et al [55], it seems that a non-predominant
chemical adsorption can also occur. This due to coordination bonds formation among the lone pair
electrons on adsorption center (e.g. N and O, and empty orbital of aluminum atoms).

Figure 5 shows a schematic representation suggesting a potential corrosion inhibition
mechanism provided by DRIMIA when Al is immersed in a NaCl solution. Although a great number
of compounds constitutes the “macro molecule” of DRIMIA, the five main compounds (Table 1) are
constituted by OH-, heteroatoms N, O and NHz, which can adsorbed on the anionic sites and prevent
hydrogen evolution, as similarly reported [50;58]. Although a molecular dynamic simulation has not
been carried (due to more complex compounds constitute the DRIMIA molecule), it is also suggested
that a chemical adsorption between the heteroatoms (O) and Al atoms through electron transfer can
also occur, as reported by Wang et al [58]. It is remarked that predominant chemical adsorption
domains the inhibition mechanism, as previously discussed and based on the adsorption parameters.

Independently of the metal as substrate interacting with corrosive medium and containing DRIMIA
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content, it seems that this mechanism to also prevalent. In the next sections, SAE1020 steel and c.p.

Al samples are also utilized to verify the possible inhibition behavior provided by DRIMIA molecule.

Solvated cation ,

Green inhibitor

Physisorption

Chimisorption Qo _ Q

>

Intermediate corrosion
product

Anion

Figure 5. — A schematic representation of the inhibition behavior provide by DRIMIA (D. maritima)
over a Al-Si alloy in NaCl solution. Hypothetical interactions between heteroatoms of DRIMIA
compounds (physisorption) with Al and solvated cation, intermediate complex corrosion by-product
(physisorption); and inhibitor with anion at surface of metal (chimisorption).

3.3. SAE Steel and Commercially Pure Al Sample Results

3.3.1. EIS and Potentiodynamic Polarization (PP) Measurements

As aforementioned, both SAE 1020 steel and c.p. Al samples are also experimented in NaCl
solution containing DRIMIA contents. No systematic results are provided due to it is only intended
to verify a general inhibition effect of DRIMIA on these two materials. In this sense, only some certain
concentrations are adopted. In Figures 6(a), (b) and (c) the experimental Bode and Bode-phase,
Nyquist and polarization curves (PP) obtained in a 0.5 M NaCl solution at environmental
temperature are demonstrated.

Based on the EIE diagrams of the SAE 1020 steel samples, it is possible that highest inhibition
effect is reached when using 500 ppm of the gel. This indication is based on both the profiles
characterized by the impedance moduli (IZ1) and phase angles (6), and on the semi-arc profiles
shown in the Nyquist plots, as depicted in Figures 6(a) and (b), respectively. It is found that the gel
containing DRIMIA compounds provides a considerable reduction in corrosive action.

Figure 6(c) shows the experimental results of PP curves of the SAE 1020 steel samples in 0.5 M
NaCl. From those two (02) different levels of inhibitor contents examined, the inhibition effect is
evident for both concentrations. However, using a 500 ppm content, the inhibition effect is more
effective, which indicates a better inhibition efficiency (n or IE). A IE of ~68% is attained when
considering the corrosion current density value (icorr) for the SAE 1020 sample without inhibitor is
of about 0.98 x 10-¢ Acm2. On the other hand, when a 500 ppm is used, the icorr is of about 0.31 x 10-
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6 Acm?, which is ~3.2x lower than the blank sample. When 1500 ppm of inhibitor is considered,
although still providing a reduction in icorr (i.e. 0.55 x 10 Acm? versus 0.98 x 10% Acm=?), the
percentage of the effective inhibition achieves approximately 44%. From the corrosion potential
values verified into PP curves, it is also clearly observed that the addition of 500 ppm favors the
potential to be shifted to more noble regions (less negative values), i.e. -655 mV (ESC). By using the
concentration of 1500 ppm, an intermediate value is attained for the Ecorr, i.e. -687 mV (ESC), when
the sample without the inhibitor and at 500 ppm (i.e. -709 mV, ESC) is compared. These values and
the icorr values demonstrate the same sequence or tendency when the EIE diagrams are analyzed.

Figure 6 (d), (e) and (f) show the experimental results of the c.p. Al samples in Bode and Bode-
phase diagrams, Nyquist plots and polarization curves (PP) in a 0.5 M NaCl solution at 25 °C.
Comparing the Al samples (c.p.) containing 1250 ppm and without inhibitor compound, it is
identified that an inhibition effect is provided. This suggests that DRIMIA compound as green
corrosion inhibitor is a promise eco-friendly inhibitor. The Bode and Bode-phase plots indicate larger
impedance modulus (IZl) values associated with the phase angle (0) values. Besides, higher
capacitive semi-arcs shown in the Nyquist diagrams (Figure 6e) indicate that DRIMIA (with 1250
ppm) provides a decrease in corrosive action. This corroborates the quantitative results obtained from
the PP curves shown in Figure 6(f). It is clearly observed that in the presence of the inhibitor DRIMIA
in the saline solution, the icorr decreases of about 10x while maintaining the corrosion potential in
the same level or range (i.e. close to -730 mV, ESC). The corrosion inhibition efficiency (IE) attains of
89.28% with a content of 1250 ppm.

Once again, it is highlighted that greater details from an electrochemical point of view could

be developed, but this is not the focus at this moment.
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Figure 6. — Experimental EIS results and potentiodynamic polarization curves of: (a), (b) and (c) the
SAE 1020 low-carbon steel; and (d), (e) and (f) the c.p. Al samples in 0.5 M NaCl solution at room
temperature.

Table 5 shows EIS parameters of the SAE1020 and c.p. Al samples with distinct DRIMIA
contents. Considering the SAE 1020 sample, it can be seen that Rs varies in with the distinct DRIMIA
contents. Differently from that variation observed to Al-Si alloy, which has slightly increased. It
seems that cation Fe?* potentially modifies the electrolyte resistance at sample surface. This seems to
be associated with complex intermediate product such as FeOH, and/or Fe-chloro and Fe-chloride-
inhibitor molecules complexes, as similarly proposed by Garai et al [61]. This also seems to contribute
with variation of the resistances Ri and capacitances Zcreq) obtained. It is remembered that R: and
Zcreq are the resistance of charge transfer at surface and the capacitance associated with the inner
layers on the surface of the examined SAE 1020 and c.p. Al samples, respectively. With this, it is
observed that both the SAE 1020 in blank condition and containing 1500 ppm of the inhibitor DRIMIA
compound have higher capacitances Zcreg) than the samples with 500 ppm. Additionally, the
capacitances Zcri@) are higher for the blank and containing 1500 ppm than the sample with 500 ppm.

The resistances Ra for the samples containing DRIMA content also suggest that inhibitor provides a
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higher R2 with increased inhibitor concentration, as can be seen in Table 5. These quantitative EIS
parameters are also intimately associated wit those results suggested by PP curves, i.e. the lowest
corrosion current density is that of the sample with 500 ppm.

When the EIS parameters associated with the c.p. Al samples are observed, all parameters
indicate satisfactory inhibition effect. Although, the parameters Rsand Zcreq) are very similar, Rzand
Zcrep) parameters are favoring the sample with inhibitor, i.e., the capacitance Zcrew) substantially

decreases (~2.5x) while Rz increases of about 1.5 times.

Table 5 — Experimental impedance parameters of the SAE1020 and c.p. Al samples in a 0.5 M NaCl solution with
different DRIMIA compound contents by using CNLS simulation and equivalent circuit.

Parameters SAE1020 c.p. Al
(at 25 °C) 0 ppm 500 ppm 1500 ppm 0 ppm 1500 ppm
Rs (Q.cm2) 97(+1) 162 (+2) 88 (1) 25 (+1) 23 (+0.5)
Zcpre1 (1070
152.9 (+2.5) 11.38 (+0.4) 69.97 (+1.6) 8.55 (+0.2) 6.89 (+1.2)
Flcm?)
R1 (Q.cm?) 1560 (20) 583 (+75) 2384 (67) 85 (+14) 1336 (£220)
N 0.69 0.86 0.77 0.84 0.82
Zepez (Flom2) 1121073 (1) 7.4610° (+04) 1121072 (x0.1)  6.7510(+05) 2.6510° (+0.2)
R2(103Q.cm?) 6.2 103 (+0.1) 15.18 (%0.2) 8.37 (+1.2) 24.1(+0.6) 37.2 (+0.9)
n2 0.81 0.86 0.59 0.81 0.85
a 1.3 %107 5.7 <1073 1.6 <1073 10 %1073 9.1x1073
Sum of Sqr. 0.12 0.55 0.17 0.87 0.85

It is worth noting that both the SAE1020 and the c.p. Al samples have demonstrated effective
inhibition effects when the DRIMIA contents are utilized. However, a systemic study is always
highlighted to find out the best or most ideal ratio (concentration) of the DRIMIA to achieve the best
corrosion inhibition efficiency. It can also be said that the 1250 ppm, at room temperature, induces
excellent inhibition effects for both the c.p. Al and the Al-7.5%5i alloy samples.

Figures 7 (a) and 7(b) show the experimental results concerning to Langmuir and Temkin
isotherms with corresponding R? (correlation coefficient) and Kaps adsorption coefficients. It are
adopted only these two isotherms due to the best quality fittings are attained, i.e. 0.9479 and 0.9432
for the SAE 1020 and c.p. Al samples, considering Langmuir, respectively.

2000 %
YoLaax s Y=1.71X + 1.968
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3] R®=0.995
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Figure 7 — (a) Langmuir, (b) Temkin adsorption isotherms plots at 25 °C; and (c) the resulting inhibition efficiency (in

percentages) as a function of the DRIMIA concentrations at 25 °C.

The AGads determined for both the c.p. Al and SAE 1020 are also depicted in Figure 7
considering Langmuir and Temkin isotherms. For all examined cases, all attained AGads are negative
values. This suggests spontaneous adsorption of the DRIMIA, as also previously verified when the
Al-Si alloys are also examined. Since these values are close to —20 k] mol™, the physisorption is
suggested. With this, as previously discussed, an electrostatic interaction between charged organic
molecules and the charged metal surface is prevalent. Based on this, the physisorption mechanism
domains the adsorption behavior of DRIMIA onto the surface of the SAE 1020 and c.p. Al samples.
This can also be explained by utilizing Figure 5. Evidently, Al** and Fe*?and intermediate corrosion
by-products differentiate in the schematic representation considering each specific substrate material.

Based on the attained results, it is suggested that there exists an adequate DRIMIA content to
be used for each particular situation considering each distinct material. As an example of this, Table
6 depicts a summary of the inhibition percentage values for the materials evaluated at room
temperature and the respective concentrations applied. Based on these data, it is clear that careful
attention must be taken with the concentration of the inhibitor to be used. It is observed that for the
same order of magnitude of inhibitor content for the three different materials (between 1250 and 1500
ppm), the highest inhibition efficiency is that of the Al-Si alloy, which has reached of about 96%.
Although a no systematic evaluation for the SAE 1020 samples is provided, it is suggested that lower
DRIMIA concentration will provide a better inhibitor efficiency. However, this is merely speculative,
due to in the present investigation with SAE1020, the aim is only to verify if DRIMIA also provides
an inhibition effect when added to aggressive NaCl solution. Analogue conclusion can also be

provided when the c.p. Al samples are evaluated.

Table 6. — Comparisons among percentages of inhibition efficiencies (IE or n) provided by DRIMIA
at environmental temperature for the c.p. Al, Al-Si casting alloy and SAE 1020 low-carbon steel
samples.

Concentration Examined

%
(ppm) Material n 06

1250 c.p. Al ~89 (22)
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1250 ~96 (+1.5)
Al-Si alloy
625 ~94 (#1.5)
500 ~68 (35)
SAE 1020
1500 ~44 (3)

In a general and limited comparison, when 1/3 of the concentration of inhibitor is used, for
aluminum alloy and steel, the efficiencies respond substantially and distinctively. Although it is
believed that adsorption and inhibition mechanisms are very similar, it is also suggested that the
DRIMIA content potentially prevents or protects the material in distinctive concentrations when
different materials are considered. For the Al-Si alloy, the use of 2x more concentration resulted in
slight increasing (~2%) in terms of the attained efficiency level. On the other hand, with a triple
concentration for steel, the efficiency decreased considerably (~20%). This indicates that although an
inhibitory effect on the three materials is achieved, the concentration has a specific “sensitivity” for

each material, which suggests meticulous planning in its dosage.

4. Conclusions

Based on the obtained results of the corrosion behavior using potentiodynamic polarization
curves and electrochemical impedance spectroscopy carried out in distinctive SAE steel, pure Al, and
Al-Si alloy samples in 0.5M NaCl solution using Drimia maritima as a green inhibitor, the follow
summarized conclusions can be drawn:

1. When as-cast Al-Si alloy samples are evaluated by using potentiodynamic polarization curves,
both IE% (inhibition efficiency percentage) and 0 (surface coverage) results have demonstrated ~96%
and 0.96 are attained, respectively. This when a Drimia maritima concentration of 1250 ppm is used.
When 1875 ppm is applied, the corrosion current density increases, which demonstrates that
efficiency is negatively affected. It is important to remark that when 150 ppm is utilized the IE% and
0 have only achieved to ~47% and 0.47, respectively. These aforementioned results correspond with
solution at environmental temperature (~25 °C). However, when at higher temperature (~45 °C),
Drimia maritima green inhibitor also demonstrated positive effect attaining of about 43% when 625

ppm is utilized.

2. When EIS results are also evaluated, similar trends concerning to inhibition effect are observed,
i.e. the highest inhibition is that of 1250 ppm at 25 °C and 625 ppm at 45 °C. These assertions are

achieved when capacitances and its corresponding polarization resistances are examined.

3. When both SAE steel and commercially pure Al samples are also examined, it is also verified that
inhibition effects are provided. Considering the SAE steel sample, the highest IE% is that of 500 ppm
of Drimia maritima. On the other hand, when c.p. Al samples are examined; the concentration of
Drimia maritima that provides the highest inhibition behavior (~89%) is that of 1250 ppm. Similar

trends are also reached when EIS data are examined.

4. Based on the determined isothermal adsorption plots by using distinctive methods (i.e.
Langmuir, Temkin, Frumkim, Flory-Huggins and Freundlich isotherm), the obtained parameters
have indicated that a physical adsorp- tion mechanism is prevalent, on all examined samples. With

this, it is considered that an electrostatic interaction (physisorption) mechanism domains the
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adsorption between negatively charged of the DRIMIA components positively charged cation of

“metal” (Al or Fe) at surface.

5. Finally, although it is found that physisorption domains the inhibition behavior of the three
distinctive materials, it is confirmed that different concentrations provide distinct protection levels
or inhibition into NaCl solution. For instance, the Al-5i alloy, the use of 1250 ppm attains an efficiency
level of about 96% while for c.p. Al sample only 89% is achieved. On the other hand, the SAE steel
sample has its efficiency decreased to ~44%. This indicates that the dosage of Drimia maritima content
as green inhibitor into NaCl solution shows certain “susceptibility” for each examined material, and
should carefully planned in order to obtain the maximum inhibitor behavior without deleterious and

catastrophic effects.
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