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Abstract: This study evaluated the corrosion inhibitory effects of Ruta graveolens leaf extract for
304 stainless steel in 1 M HCI. The analysis of the leaf extract using HPLC indicated that the primary
compounds present in the leaf extract were rutin, caffeic acid, p-coumaric acid, and apigenin. The
inhibition efficiency (IE%) of the extract was studied using weight loss, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), and computational simulation (density functional the-
ory, DFT). The effects of the inhibitor concentration and solution temperature were investigated. The
results indicated that the IE% increased for increasing concentrations of the extract, while the reverse
was true with increasing temperatures. At 25 °C and a 600 ppm extract concentration, the results
indicated a maximum inhibition efficiency of 95%, 98%, and 96% by weight loss, potentiodynamic
polarization, and EIS techniques, respectively. SEM observations showed a significant change in the
surface morphology of the 304 SS with and without the addition of the inhibitor compound. At all
temperatures, the adsorption of the inhibitor components onto the 304 SS surface was found to follow
the Langmuir isotherm model, and the inhibition process was governed by physical adsorption.
Furthermore, chemical interactions between the inhibitor and the 304 SS steel surface were elucidated
via density functional theory (DFT) calculations.

Keywords: green corrosion inhibitor; Ruta graveolens extract; 304 SS; PDP; EIS; DFT

1. Introduction

It is well known that stainless steel is corrosion resistant due to the thin passive
film that forms on its surface. An essential property of this passive film is that it can
spontaneously self-repair when damaged. As a result, stainless steels are widely used in
corrosive environments and many industrial applications. However, in the presence of
chlorides or other aggressive anions, they are prone to localized corrosion [1,2].

Among the different protection methods, in recent years, green corrosion inhibitors
have been gaining preference over inhibitors of inorganic origin due to their lower cost,

Metals 2024, 14, 1267. https:/ /doi.org/10.3390/met14111267

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met14111267
https://doi.org/10.3390/met14111267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0002-4836-233X
https://orcid.org/0000-0002-4954-2631
https://orcid.org/0000-0002-4450-4994
https://doi.org/10.3390/met14111267
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met14111267?type=check_update&version=1

Metals 2024, 14, 1267

20f21

availability, and low toxicity. Adding relatively small amounts of inhibitor to the aggressive
environment has given good results in slowing down the corrosion rate [3,4]. It has been
reported that the adsorption of an inhibitor on a metal surface is highly dependent on the
electrostatic interaction, the mode of adsorption, the structure of the molecule, and the
solution or electrolyte employed [5]. The adsorption properties of inhibitors of organic
origin depend mainly on some physicochemical properties of the molecules, the functional
groups, the possible steric effects, the electron density of the donor atoms, and the potential
interaction of the p orbitals of the inhibitor with the d orbitals of the atoms of the metal
surface. These properties establish a degree of adsorption of the inhibitor molecules on the
solid surface, resulting in a corrosion protection barrier [6].

Green inhibitor compounds are usually produced from plants’ natural extracts, such
as their leaves, stems, and roots, and organic wastes, such as eggshells, apples, oranges,
walnuts, shrimp, etc. These extracts can adsorb on the metal surface physically or chemi-
cally, providing a better corrosion inhibition resource. This behavior is due to flavonoids
and phenolic acids that can interact with the metal surface by donating a lone pair of
electrons from heteroatom and unsaturated aromatic systems [7]. The development of
green corrosion inhibitors is booming due to the increasing popularity of green chemistry
in science and technology. In recent decades, using plant extracts as corrosion inhibitors has
brought significant attention due to their lower environmental risk, lower cost, wide avail-
ability, and high inhibition effectiveness. Therefore, these materials are suitable candidates
to replace traditional synthetic corrosion inhibitors, which are expensive and toxic. The
use of natural products as corrosion inhibitors dates back to 1930 when plant extracts of
Celidonia (Chelidonium majus) and other plants were first used in H,SO, pickling. After
that, the interest in using natural products as corrosion inhibitors increased substantially.
Undoubtedly, the development and application of green inhibitors has been focused on car-
bon steels. Regarding this, over the last four years, reports from the literature mention the
use of compounds such as Lilium brownii leaves [8], Rhynchostylis retusa [9], Ammi visnaga L.
extract [10], Betel leaves [11], Mandevilla fragans leaves [12], Ustilago maydis extract [13], Cape
gooseberry extract [14], Thevetia peruvuana extract [15], Saussurea obvallatta extract [16],
Laurus tamala leaves [17], and Tabebuia heterophylla leaves [18]. In the last decade, the
development of alternative green corrosion inhibitors for austenitic stainless steels has been
studied: E.A Fouda et al. [19] reported using Calotropis procera extract as a corrosion in-
hibitor for a 304 austenitic stainless steel, obtaining a maximum efficiency of 75.3%. Ehsani
et al. [20] reported that using Thymus vulgaris extract obtained a maximum inhibition
efficiency of 62%. Albrimi et al. [21] studied the effect of Heptamolybdate ions as an in-
hibitor and reported that the corrosion rate in an acidic medium was considerably reduced,
obtaining an efficiency of 91.2%. Fouda et al. [22] studied the effect of Chalcones (aromatic
ketones) on the corrosion behavior of type 304 stainless steel in a HCl solution, showing
that the inhibitor efficiency increased with an increasing concentration and decreased with
an increasing temperature, reporting a maximum inhibition efficiency of 88%. Soltani
et al. [23] studied the effect of Silybum marianum leaf extract as a corrosion inhibitor for a
304 stainless steel in an acidic medium (1 M HCI), employing weight loss measurements,
potentiodynamic polarization, and electrochemical impedance spectroscopy techniques,
reporting that this extract behaved as a mixed-type inhibitor, giving a maximum efficiency
of 98%. Scendo et al. [24] studied the influence of Adenine on the corrosion of 304 SS in
chloride-containing solutions. The Tafel polarization technique revealed that the inhibitor
is a mixed-type inhibitor and indicated that the efficiency increases with an increasing
Adenine concentration and temperature, obtaining a maximum efficiency of 94%. Soltani
et al. [25] studied the inhibitory effect of Salvia officinalis extract on 304 stainless steel in
hydrochloric acid solution using the techniques of electrochemical impedance spectroscopy,
polarization curves, and weight loss measurements. The results indicated that the inhibitor
is of a mixed type, and the maximum inhibition efficiency reported was 96.2%. Despite the
variety of reports on using plant extracts as green inhibitors on metals in acidic solutions,
there is still a need to investigate other plants with potential use as corrosion inhibitors
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in industrial applications. Ruta graveolens is an aromatic plant belonging to the Rutaceae
family and finds frequent use in medicinal applications [26]. Regarding metallic corrosion
problems, few studies on carbon steel exposed to acidic media have reported using Ruta
graveolens extract as a corrosion inhibitor, with the results showing a favorable effect in
decreasing the corrosion rate [27,28]. To our knowledge, there are no reports on the in-
hibitory effect of this plant applied on stainless steels in an acidic medium. Therefore, the
present study examines Ruta graveolens extract as a corrosion inhibitor on 304 stainless steel
exposed to a 1 M HCI solution. Weight loss measurements, potentiodynamic polarization
(PDP), and electrochemical impedance spectroscopy (EIS) techniques were employed to
evaluate the effects of extract concentration and temperature on the corrosion rate. In
addition, quantum chemical calculations using density functional theory (DFT) elucidated
the chemical interactions between the inhibitor and the 304 stainless steel surface. Thus,
this extract’s good inhibitory behavior in acidic media may find potential uses in the petro-
chemical industry and industrial processes, such as acid pickling and acid descaling in heat
exchangers, condensers, etc. [29].

2. Materials and Methods
2.1. Materials

An austenitic stainless steel of type 304 with the following chemical composition was
used as a test material, see Table 1:

Table 1. Chemical composition (wt %) of the 304 stainless steel used.

Ni Mn Si P S Fe

0.07

18.18

8.48 2.01 0.75 0.045 0.03 Bal.

The dimensions of the experimental specimens were as follows: 1.25 cm in diameter
and 1 cm in length. Then, all the specimens for the electrochemical tests were encapsulated
with epoxy resin, leaving an exposed area of 1.27 cm? for the electrochemical tests. For the
weight loss tests, the specimens were not encapsulated. All specimens were sanded with
silicon carbide paper to grade 600 and ultrasonically cleaned with ethanol.

The corrosive medium was a 1 M HCl solution prepared using 37% analytical-grade
hydrochloric acid (J.T. Baker) and distilled water. The concentrations of Ruta graveolens
extract were 150, 300, 450, and 600 ppm, and HCI solution without an added inhibitor was
used as a blank.

2.2. Extract Preparation

Ten grams of dried Ruta graveolens leaves were weighed and placed into a Soxhlet
extraction apparatus. A total of 250 mL of absolute ethyl alcohol (J.T. Baker) was used
as a solvent and placed inside a round bottom flask. An electric heater was used to heat
the solvent and reflux the mixture. A recirculation bath maintained the condenser of the
extraction apparatus at 8 °C to prevent solvent leakage. After 8 h of operation, the ethanolic
extract of R. graveolens was placed under refrigeration at 4 °C for further analysis.

2.3. Characterization of Ruta Graveolens Extract

The extract was characterized using high-performance liquid chromatography (HPLC)
using a Thermo DIONEX Ultimate 3000 liquid chromatograph (Thermo Fisher Scientific
Inc., Waltham, MA, USA). The separation was carried out on a 250 mm x 4.6 mm Quasar
C18 column (Perkin Elmer, Waltham, MA, USA). with a particle size of 5 pum. The mo-
bile phase consisted of 0.1% water and sulfuric acid (line A) or acetonitrile (line B). The
gradient was as follows: 90%A /10%B, 0-12 min; 70%A /30%B, 12-14 min; 60%A /40%B,
14-18 min; 50%A/50%B, 18-20 min; 20%A /80%B, 20-24 min; 10%A /90%B, 24-28 min;
and 0%A /100%B, 28-30 min. The injection volume was 20 pL, and the wavelength was
270 nm. Peaks were identified by comparing the retention times of the standards ana-
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lyzed under the same conditions. Sigma-Aldrich supplied the analytical-grade phenolic
compound standards.

2.4. Weight Loss Measurement

The weight loss method for monitoring the corrosion rate and inhibition efficiency is
helpful because of its simple application and reliability. The inhibition efficiency of Ruta
graveolens leaves was calculated for 304 austenitic stainless steel. For each test condition,
three samples were immersed in 1 M HCl, with and without extract. The following equation
was used to measure the corrosion rate and extract efficiency by varying the concentration

of the extract:
KW

Atp
where the corrosion rate, Cg, is calculated in mm/year, W is the weight loss, t is the
immersion time, p is the density of 304 SS steel (8.0 g/cm?), and K is the corrosion constant
(8.76 x 10%). The inhibition efficiency IE% was based on the weight loss measured over
the exposure times of each test and was calculated using the following equation:

IE = (WO‘W) %100 @

1)

R

wo

W and W are the weight loss of the specimens in the corrosive media without inhibitor
and solutions with inhibitor, respectively. In general, it is accepted to assume that the
inhibitor efficiency is due to a blocking effect of the adsorbed species. Thus, the value of
the surface degree covered equals © = IE% x (100)~! [30].

The samples were weighed for an initial mass recording using a Sartorius Mod MC
210S analytical balance (Sartorius AG, Gottingen, Germany) ) with a resolution of 0.00001 g.
Subsequently, they were exposed to a corrosive 1 M HCl medium without inhibitor (blank
solution), and then, concentrations of 150, 300, 450, and 600 ppm of .Ruta graveolens extract
were added. The exposure times were 2, 4, 6, and 8 h at three temperatures: 25 °C, 40 °C,
and 60 °C. After the corresponding immersion time, the specimens were cleaned according
to ASTM G1 [31] and reweighed for final weight recording.

2.5. Electrochemical Measurements

For the electrochemical tests, a jacketed glass cell was used with a conventional three-
electrode arrangement consisting of 304 stainless steel as the working electrode, platinum
wire as the counter electrode, and a Ag/AgCl electrode as the reference electrode. In each
experiment, a volume of 150 mL of naturally aerated electrolyte solution was employed in
the cell without and with the addition of an inhibitor. Before starting the measurements with
potentiodynamic polarization and electrochemical impedance spectroscopy techniques, the
working electrode was immersed for at least 60 min to stabilize the open-circuit potential.
All experiments were performed with the test medium under static conditions at 25 °C,
40 °C, and 60 °C.

The polarization curves were obtained using a Gill AC potentiostat (ACM Instruments,
Cambria, UK), and data analysis was performed with commercial Gill AC 1561 version 4.0
software. After the open-circuit potential stabilized, potentiodynamic polarization curves
were obtained for the different inhibitor concentration and temperature conditions, using a
sweep speed of 1 mV/s and a potential range of —300 to 500 mV relative to Ecorr. Ruta
graveolens extract was added in the corrosive medium of 1 M HCl at concentrations of 150,
300, 450, and 600 ppm.

In this technique, IE% was defined as:

Ib _ Iinh
IE% = [ %o ) 5 100 3)

corr
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where 1%, and I/ are the corrosion current density values without and with inhibitor,
respectively.

Impedance tests were performed on a workstation with an AUTOLAB potentiostat.
Impedance measurements (Metrohm, Herisau, Switzerland) were performed at open-
circuit potential over a frequency range of 100 KHz to 0.01 Hz with an AC signal amplitude
perturbation of £10 mV.

In this case, the percentage efficiency was calculated from the R values using the
following equation:

0
% = Rt = Ra 149 (4)
Rt
where RY, and R are the charge-transfer resistance in the absence and presence of R. grave-
olens extract, respectively.

2.6. Quantum Chemical Calculations

DFT methods for corrosion inhibition studies are very important for predicting which
adsorption mechanism occurs at the metal-inhibitor molecule interface. These calculations
were performed using the Gaussian 9.0 program and Gauss View 5.0 visualizer (Gaussian
Inc., Wallingford, CT, USA) [32]. Theoretical quantum calculations of phenolic acids
in Ruta graveolens extract were performed using density functional theory (DFT). The
optimization of the ground state geometry and frequency calculations were performed
using the hybrid density functional B3LYP [33-35] and the meta-GGA functionals M06
and M06-2X [36]. All functionals were combined with the 6-311G (d,p) basis set. The
optimized geometries were used to perform the frequency calculations for each compound
and verify the minimum potential energy. The absence of imaginary frequencies confirmed
the minimum energy of the structure. From the optimized molecules, the HOMO, LUMO,
and energy gap energies were calculated. The calculated geometry of the molecules was
compared with the experimental X-ray diffraction data reported in the literature to find the
optimal methodology for the reactivity calculations.

Once the methodology was defined, other theoretical properties that were also deter-
mined are the energies of the molecules in their neutral (EN), anionic (En.1), and cationic
(En—1) forms, calculated using the B3LYP/6-311G (d,p) methodology. The computed ener-
gies were used to perform global reactivity calculations: ionization potential (I), electron
affinity (EA), electronegativity (), and hardness (1). The equations for the above-mentioned
molecular properties are shown below. These calculated molecular properties were applied
to determine the fraction of transferred electrons (AN), which describes the fractional
number of electrons transferred from system A (phenolic acids or flavonoids) to system
B (metal surface) (see Equation (9)). All these molecular properties were calculated in the
solvent phase using ethanol and the IRC solvation method.

I=En_1—En %)
EA = Ex — Eng1 (6)
I+EA
X=">5 @)
I—EA
=" 8)
AN = Xp — XA (9)

2y +177A)
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3. Results and Discussion
3.1. HPLC Analysis of Ruta Graveolens Extract

The extract’s HPLC analysis results mainly indicated the compounds shown in
Figure 1: phenolic acids such as caffeic acid and p-coumaric acid and the presence of
two flavonoids, rutin and apigenin.

--------- Ruta graveolens

350
1 rutin
300
250
- 200
<
£ i
150 - &
9
£3) 5 ]
(4 .-
100 .9 g g
3 g .
g &
50 4 2 - 4
] 3 |
'\"_ .l. ul
04 ) MUV
b 1 ’ 1 . 1 b 1 b 1
0 5 10 15 20 25

min
Figure 1. Chromatogram of Ruta graveolens extract showing the detected compounds: (1) rutin,
(2) caffeic acid, (3) p-coumaric acid, and (4) apigenin.

3.2. Weight Loss

Table 2 shows the values of the corrosion rate, CR, and the percentage of inhibition
efficiency, IE%, obtained for different concentrations of Ruta graveolens and temperatures in
a 1 M HCl solution. The results show that increasing the concentration of Ruta graveolens
increases the percentage efficiency, most likely due to an increase in the inhibitor’s adsorp-
tion and degree of coverage (©) on the steel surface. In contrast, the opposite occurs with
an increasing temperature and immersion time. Figures 2—4 show, in each case, the weight
loss data versus the time and efficiency of the extract versus the immersion time with and
without extract.

Table 2. Effects of Ruta graveolens extract concentration and temperature on IE% from weight loss

measurements.
Temperature Time Concentration =~ Weight Loss Standard Corrosion Rate 0 1E%
“Q) (h) (ppm) (mg cm—2) Deviation (mm/y)
25 2 Blank 0.1568 0.00356 13.9870 - -
150 0.0148 0.00277 1.3570 091 91.14
300 0.0119 0.00148 1.0946 0.92 92.34
450 0.0072 0.00019 0.6639 0.95 95.22

600 0.0072 0.00048 0.6570 0.95 95.28
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Table 2. Cont.
Temperature Time Concentration =~ Weight Loss Standard Corrosion Rate 0 1E%
°Q) (h) (ppm) (mg cm—2) Deviation (mm/y)
4 Blank 0.2446 0.00114 11.1122 - -
150 0.0224 0.00046 1.0225 091 91.22
300 0.0203 0.00677 0.9287 0.92 92.14
450 0.0199 0.00570 0.9121 0.92 92.35
600 0.0140 0.00690 0.6409 0.94 94.58
6 Blank 0.2857 0.00155 8.6925 - -
150 0.0380 0.000747 1.1578 0.86 86.02
300 0.0361 0.000418 1.0994 0.87 87.13
450 0.0277 0.000263 0.8445 0.9 90.05
600 0.0223 0.00982 0.6812 0.92 92.12
8 Blank 0.3729 0.00801 8.5089 - -
150 0.0578 0.00289 1.31928 0.8 80.15
300 0.0428 0.00940 0.9774 0.85 85.87
450 0.0431 0.00401 0.9843 0.85 85.41
600 0.0309 0.00358 0.7062 0.89 89.32
40 2 Blank 0.2296 0.00238 20.9755 - -
150 0.0723 0.00427 6.6006 0.69 69.65
300 0.0686 0.00360 6.2629 0.7 70.02
450 0.0506 0.00947 4.6174 0.78 78.41
600 0.0390 0.00130 3.5609 0.83 83.83
4 Blank 0.2440 0.00233 15.8622 - -
150 0.0793 0.00224 3.6182 0.68 68.05
300 0.0730 0.00217 3.3349 0.7 70.01
450 0.0566 0.00932 2.5866 0.77 77.14
600 0.0521 0.00837 2.3784 0.79 79.05
6 Blank 0.3421 0.00155 10.5748 - -
150 0.1097 0.00536 3.3370 0.68 68.02
300 0.1035 0.00228 3.1496 0.7 70.12
450 0.0848 0.00146 2.5817 0.75 75.41
600 0.0840 0.00159 2.5574 0.75 75.05
8 Blank 0.4421 0.00111 9.9538 - -
150 0.1734 0.00867 3.9578 0.6 60.12
300 0.1571 0.00246 3.5839 0.64 64.48
450 0.1453 0.00510 3.3153 0.67 67.41
600 0.1436 0.00563 3.2765 0.68 68.22
60 2 Blank 0.2839 0.00667 25.9144 - -
150 0.0869 0.00067 0.7877 0.69 69.63
300 0.0883 0.00387 0.8009 0.69 69.72
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Table 2. Cont.

Temperature Time Concentration Weight Loss Standard Corrosion Rate 0 1E%
Q) (h) (ppm) (mg cm—2) Deviation (mm/y) ¢
450 0.0713 0.00317 0.64633 0.75 75.15
600 0.0561 0.00896 0.5084 0.8 80.21
4 Blank 0.3337 0.00125 15.2289 - -
150 0.1118 0.00478 5.1042 0.67 67.12
300 0.1103 0.00312 5.0334 0.67 67.81
450 0.0962 0.00487 4.3894 0.71 71.11
600 0.0758 0.00383 3.4611 0.77 77.41
6 Blank 0.4142 0.00024 12.6012 - -
150 0.1502 0.00936 4.5703 0.64 64.01
300 0.1365 0.00197 4.1533 0.67 67.47
450 0.1266 0.00169 3.8527 0.69 69.61
600 0.1172 0.00698 3.5662 0.72 72.52
8 Blank 0.5413 0.00155 12.3486 - -
150 0.2267 0.00611 5.1732 0.58 58.87
300 0.2104 0.00284 4.7998 0.61 61.09
450 0.1897 0.00752 4.3289 0.65 65.15
600 0.1802 0.00853 41125 0.67 67.25
0.40 T . 9% : b
0] 100 (@) % , ()
v 450 ppm
E - 924 A
g 0301 + 600ppm . =7, . '
@
S 025 . 2 4
£ < .
@ g
@ 0.20- o ®
174 @
2 = 864 .
£ 015{ Fry i
= S .
] S 4
= 0.10- £ RE el
0.054 300
‘ : " 'Y -150ppm 2
L v 1
Uw ? L L I L Ll L " sm”im T T T L L
2 3 4 5 6 7 8 2 3 4 -] 6 7 8
Immersion time (h) Immersion time (h)

Figure 2. Plots of (a) weight loss vs. immersion time and (b) efficiency percentage vs. time for the
corrosion of 304SS without and with various concentrations of Ruta graveolens extract in 1 M HCl at
25°C.

The performance of Ruta graveolens extract at concentrations of 150, 300, 450, and
600 ppm at 25 °C is shown in Figure 2, showing (a) weight loss vs. immersion time and
(b) percentage efficiency vs. immersion time. At an exposure time of 2 h, the maximum
efficiency percentage value of 95.28% was obtained with 600 ppm of inhibitor. At this
inhibitor concentration and 4 h of exposure, the maximum efficiency value was 94.58%.
At 6 h of immersion, the maximum efficiency obtained was 92.12%. Finally, at 8 h of
immersion, the maximum efficiency value was 89.32%.
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Figure 3. Plots of (a) weight loss vs. immersion time and (b) efficiency percentage vs. time for the
corrosion of 304 SS without and with various concentrations of Ruta graveolens extract in 1 M HCl at
40 °C.

- = Blank ‘
o 150 ppm| 804 v
|
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Figure 4. Plots of (a) weight loss vs. immersion time and (b) efficiency percentage vs. time for the
corrosion of 304 SS without and with various concentrations of Ruta graveolens extract in 1 M HCl at
60 °C.

At 40 °C, the performance of the extract as a corrosion inhibitor at an exposure time of
2 h showed that the maximum efficiency achieved was 83.83% at an inhibitor concentration
of 600 ppm (see Figure 3). At this concentration and 4 h of immersion, the efficiency
percentage was 79.05%. After 6 h, the maximum efficiency percentage was 75.05%. At 8 h,
the maximum efficiency percentage reached was 68.22%.

At 60 °C, Figure 4 shows the behavior of Ruta graveolens extract for different exposure
times at 600 ppm. The maximum efficiency value was 80.21% at 2 h of immersion, while at
4, 6, and 8 h of immersion, the efficiencies were 77.41%, 72.52%, and 67.25%, respectively.

The experimental data obtained using the weight loss method reveal that the corro-
sion rate of 304 steel decreases with the addition of Ruta graveolens extract, obtaining the
maximum inhibition efficiency at an extract concentration of 600 ppm. Conversely, with
temperature and immersion time increases, the inhibition efficiency decreases.
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3.3. Potentiodynamic Polarization Measurements

The effect of adding Ruta graveolens extract at various concentrations and tempera-
tures on the potentiodynamic polarization curves of 304 SS steel in 1 M HCl solution is
shown in Figure 5. In particular, active—passive transitions were found in all cases for the
solutions with inhibitors. The values of the electrochemical parameters obtained, such as
the corrosion potential (Ecr), current density (Ior+), anodic (ba) and cathodic (b.) Tafel
slopes, and inhibition efficiency percentages (IE%) obtained from the extrapolation of
the Tafel curves, are given in Table 3. The results show that with an increasing inhibitor
concentration, the corrosion current densities decrease independently of the temperature.
Conversely, increases in the experimental temperature cause an increase in the observed
corrosion current densities. Conversely, increases in the experimental temperature cause
an increase in the observed corrosion current densities.
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Figure 5. Polarization curves for 304 SS in 1 M HCI solution for different concentrations of Ruta
graveolens extract at (a) 25 °C, (b) 40 °C, and (c) 60 °C.
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Table 3. Potentiodynamic parameters for 304 SS in 1 M HCl in the absence and presence of Ruta
graveolens at different temperatures.

Temperature Ciun Ecorr ba be Leorr Cr IE%
©Q) (ppm) (—mV) (mV) (mV) mA/cm? (mm/y)
25 Blank 319.3 58.5 128.9 0.1302 1.595 -
150 304.6 33.3 120.8 0.0081 0.099 94.11
300 3247 46.6 111.8 0.0079 0.096 94.28
450 3227 415 106.7 0.0042 0.052 97.45
600 329 35.2 105.7 0.00302 0.037 98.10
40 Blank 299.6 49.1 133.6 0.1966 2.4083 -
150 317.5 484 119.3 0.0284 0.3485 84.46
300 306.07 47.6 120.8 0.0178 0.2185 91.87
450 3159 424 109.7 0.0142 0.1743 92.67
600 318.5 425 98.1 0.0068 0.0831 96.65
60 Blank 3173 70.2 145.8 0.3776 4.6261 -
150 320 453 149.9 0.0768 0.9418 82.21
300 319.6 449 140.9 0.0657 0.8057 85.56
450 3194 422 137.8 0.0588 0.7214 86.78
600 319.1 32.6 131.7 0.0439 0.5383 90.18

The information in Figure 5 and Table 3 indicate that the E.o,» values do not show a
significant variation for the blank solution and the different inhibitor concentrations, so
no specific relationship can be established between the E.;+ and inhibitor concentration.
That is, there is no significant change in the corrosion potential with increases in the
extract concentration. A comparison of values of the anodic and cathodic Tafel constants
for the blank and inhibitor-added solutions present different values, i.e., the anodic and
cathodic branches of the polarization curves are shifted towards lower corrosion current
densities, quite possibly due to a blocking effect of the adsorbed inhibitor molecules [37].
On the other hand, as shown in Table 3, increasing the inhibitor concentration decreases
the value of the anodic Tafel constant, implying that Ruta graveolens extract facilitates the
passivation of 304 stainless steel. The tendency of the anodic curves with the addition
of inhibitor in all cases confirms the previously mentioned results. The anodic curve
without inhibitor (blank solution) shows a quite different behavior, i.e., the curve shows
an activation process (see Figure 5). In addition, the values of the cathodic Tafel constant
suggest that adding an inhibitor slows the cathodic hydrogen evolution reaction. Also, it is
pertinent to mention that with an increased test temperature, the corrosion current density
and inhibition efficiency values decrease. Abdallah has reported a similar behavior [38].
The changes in both the anodic and cathodic slopes confirm the influence of the inhibitor on
both the anodic and cathodic reactions. From the above, it seems that R. graveolens extract
functions as a mixed-type inhibitor [39,40].

As can be observed, the corrosion rate of 304 steel in a 1 M HCI solution at 25°, 40°,
and 60 °C and with an inhibitor concentration of 600 ppm decreases by more than 80%,
which gives evidence of the outstanding efficiency of Ruta graveolens extract as an inhibitor
for 304 stainless steel exposed to a 1 M HCl solution.

3.4. Electrochemical Impedance Spectroscopy

Figure 6 shows the Nyquist plots obtained from AC impedance measurements for
304 stainless steel exposed to a corrosive 1 M HCI medium in the presence of different
concentrations of Ruta graveolens extract at 25 °C, 40 °C, and 60 °C, observing, in all cases,
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the presence of a sizeable capacitive loop over the entire frequency range studied. As can be
seen, the diameter of the Nyquist plots increases with an increasing extract concentration,
indicating an increase in the R values, i.e., the inhibitory film strengthens [40]. On the
other hand, the maximum impedance is obtained at a concentration of 600 ppm of Ruta
Graveolens extract. A single semicircle shows the presence of a single charge-transfer
process during dissolution, which is not affected by the presence of one or a combination
of inhibitory molecules [41]. At 600 ppm, the highest inhibition efficiency reached 96.32%
at 25 °C, decreasing to 91.20% at 40 °C and 83.29% when the temperature was increased to
60 °C.

1400 - ?53‘;““ —e— Blank
(a) ./' —0\ —a— 300 ppm /Q—FO\. l—o— 150 ppm
1200 - ,/ .\ —w— 450 ppm \‘ —A— 300 ppm
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Figure 6. Nyquist plots for 304 SS in 1.0 M HCI containing 150 ppm, 300 ppm, 450 ppm, and 600 ppm
of Ruta graveolens extract at (a) 25 °C, (b) 40 °C, and (c) 60 °C.

Table 4 shows the electrochemical parameters obtained from the EIS technique, such
as Rg, Ret, Cyp, Ieorr, X2, and IE% for 304 SS steel. These parameters were determined
using the Z-View program to fit the equivalent circuit from the data obtained during
the electrochemical analysis, obtaining the best fit using the Randles circuit, as shown in
Figure 7. In general, this circuit corresponds to the classical parallel arrangement of the
charge-transfer resistor (Rt) and a constant phase element (CPE), both in series with the
solution resistance (Rj).
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Table 4. EIS data of 304 SS in 1 M HCl in the absence and presence of different concentrations of Ruta
graveolens extract at various temperatures.

R Rt Cal

Tem})oecr)ature Concentration ( chs'nz) (Qem?) (uF/em?) IE% X2
25 Blank 2.01 115.2 730.0 - 0.00143
150 3.16 1446.5 537.0 92.84 0.00147
300 3.40 1503.6 129.0 92.48 0.00115
450 3.99 2012.9 108.0 94.27 0.000498
600 5.59 2635.2 59.8 96.32 0.000696
40 Blank 0.96 85.97 391.0 - 0.00553
150 1.93 429.3 142.2 80.35 0.00647
300 3.33 656.1 140.0 87.26 0.00218
450 4.23 671.9 117.3 87.52 0.00643
600 3.92 982.4 106.5 91.20 0.000477
60 Blank 1.24 37.7 430.0 - 0.00149
150 1.50 204.2 100.4 81.25 0.00188
300 1.94 207.7 98.6 82.47 0.00533
450 1.76 209.5 80.4 82.36 0.00225
600 1.82 217.1 76.5 83.29 0.000951

Rs CPE

\
7

Ret

Figure 7. Randles equivalent circuit model for the Ruta graveolens inhibitor studied.

From Table 4, we notice that the R.; values increase with an increasing extract con-
centration, and this implies that the charge-transfer process stops due to the adsorption of
inhibitor molecules at the metal/solution interface [41].

Also, the Cy; value of the blank solution is higher than when in the presence of various
concentrations of Ruta graveolens extract, which may be due to an increase in the thickness
of the double layer and implies the possibility of strong adsorption of the inhibitor on
the metal surface [25,42]. The Chi-squared data are lower than 10~3, indicating a good
fitting accuracy.

Based on the weight loss, potentiodynamic polarization, and electrochemical impedance
results, the inhibitor concentration showing the highest efficiencies corresponds to 600 ppm,
regardless of the test temperature.

3.5. Scanning Electron Microscopy Analysis

After stabilization of the corrosion potential, Ecorr, the time of the potentiodynamic
polarization tests was about 13.33 min. The morphological characteristics obtained through
SEM of the surfaces of 304 SS steel samples exposed to 1 M HCI blank solution without
and with the addition of 600 ppm of Ruta graveolens extract at the test temperatures are
shown in Figure 8. The surface morphologies of the 304 SS steel samples without addition
of extract (Figure 8a,c,e) show a significantly deteriorated surface due to the corrosion of
the medium. Here, the rate of deterioration is faster than the repassivation rate of the steel
surface, leading to a very irregular topography. Cl- ions destroy the passive film, and the
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same process of localized corrosion does not allow the repassivation of 304SS stainless steel,
resulting in a continuous damage process. On the other hand, the 304 SS steel samples
with the addition of Ruta graveolens extract, Figure 8b,d,f, show a clean surface with no
evidence of corrosion damage. The adsorption of the organic compounds in the extract acts
as a barrier by forming a protective surface layer, considerably decreasing the corrosion
process. The above shows that R. graveolens extract is an excellent corrosion inhibitor for
304 SS steel.

X7 E

Figure 8. SEM images of samples exposed to 1 M HCl medium in the absence and presence of Ruta
graveolens extract at a concentration of 600 ppm at 25 °C (a,b), 40 °C (c,d), and 60 °C (e f).

3.6. Adsorption Isotherm

Adsorption isotherms are generally used to predict the nature of the interaction of
molecules on the substrate surface via the adsorption mechanism. Several adsorption
isotherms were calculated to describe the adsorption of Ruta graveolens extract on the steel
surface, including Freudlich, Temkin, Frumkin, Bockris—Swinkels, Flory-Huggins, and



Metals 2024, 14, 1267

15 of 21

Langmuir isotherms. However, the one that obtained the best correlation coefficient was
the Langmuir adsorption isotherm, which is represented by the following equation:

C 1
—=z—+C (10)
0 Kads

where K, is the equilibrium adsorption constant, C is the extract concentration, and 6 is
the degree of surface coverage. Plotting concentration C versus the concentration over the
fraction of surface area covered C/6 yields a linear correlation. Adsorption parameters,
such as the regression coefficient R, adsorption constant (K,;;), Gibbs energy (AG), and
slope values, were obtained using linear regression between C/60 and C. Figure 9 shows
the different Langmuir isotherms calculated by adding varying concentrations of Ruta
graveolens extract. Another important thermodynamic parameter is the free energy of
adsorption (AG). The adsorption constant (K,4;) is related to the standard free energy of
adsorption and is calculated with the following equation:

AG = —RTIn(55.5K 1) (11)

where 55.5 is the concentration of the solution water in mol/L, R is the ideal gas constant,
and T is the absolute temperature. The thermodynamic parameters are summarized in
Table 5. Negative values of AG indicate that the inhibition process of the extract on the
SS 304 steel surface is spontaneous, and physisorption exists since the magnitudes of AG
around —20 KJ/mol or lower are generated by an electrostatic interaction existing between
the inhibiting extract and the metal surface charge [43—45].
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Figure 9. Langmuir adsorption plot of 304 SS in a 1 M HClI solution containing different concentrations
of Ruta graveolens.

Table 5. Thermodynamic parameters of 304 SS steel immersed in 1 M HCl solution in the presence of
Ruta graveolens extract.

AGads

° 2

Temperature °C Slope R K, 45 (KJ/mol) (KJ/mol)
25 1.0257 0.9994 73.5 —20.6
40 1.0586 0.9987 33 —18.6

60 1.1974 0.9999 149 —224
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3.7. Quantum Chemical Calculations

The geometry of the molecular systems identified in the Ruta graveolens extract was
optimized (searching for the minimum energy state) using the Gaussian 09 program and its
graphical interface, GaussView 5.0 [22]. With these calculations, the geometry parameters
were obtained and compared with experimental data to define the optimal methodology for
performing the rest of the calculations. These parameters were calculated using different
combinations of functionals and basis sets, B3LYP/6-311G (d,p), M06/6-311G (d,p), and
MO06-2X/6-311G (d,p). Correlation analysis showed that the best methodology used to
analyze the molecular structure was B3LYP/6-311G (d,p), with an average correlation of
distances and angles of 0.94. The absence of imaginary frequencies confirmed the global
minima on the potential energy surface.

3.7.1. Global Chemical Activity

Figure 10 shows the images of the calculated molecules, showing their optimized
structure and the mapping of HOMO and LUMO energies. The densities of these boundary
orbitals in the inhibitor structures are localized and distributed around the entire molecular
structure. This means that the molecules could effectively adsorb on the metallic surface.

According to the theory of boundary molecular orbitals, the electron transition is
due to the interaction between the HOMO and LUMO of the reactants. One criterion to
explain whether a molecule is likely to be a good corrosion inhibitor is given by the HOMO
and LUMO energy values [46]. Egomo is the ability of the molecule to donate electrons.
Therefore, it is related to the ionization energy (I), and high values indicate a high tendency
of the molecule to donate electrons, preferably to a molecule with low energy or empty
electronic orbitals. On the other hand, Eymo is related to a molecule’s ability to accept
electrons and is related to electron affinity (EA). Consequently, low EA values indicate a
high tendency to accept electrons. The calculation of HOMO and LUMO energies is of
utmost importance, since they provide relevant information about a corrosion process [47].

Thus, the probability of a molecule becoming a good inhibitor increases to the extent
that it can yield electrons to metal atoms [48]. Table 6 shows the calculated values for
these energies, noting key information for understanding the acceptor donor capabilities.
According to the results, it can be inferred that corrosion inhibition due to HOMO energy
values decreases in the following order: caffeic acid > rutin > p-coumaric acid > apigenin.
Then, the inhibition efficiency of organic and inorganic compounds increases with the
ability to donate electrons to the metal surface.

Table 6. Global chemical reactivity and electronic energy calculated with B3LYP/6-311G (d,p) in the
solvent phase. All values are in eV.

Compound Egomo Erumo AE I EA X 7
Rutin —6.06 —2.04 4.02 6.03 2.10 4.16 1.97
Caffeic acid —6.04 —2.01 4.04 6.04 2.04 4.05 2.00
p-Coumaric acid —6.22 —-1.99 4.23 6.20 2.04 413 2.08
Apigenin —6.22 —2.09 4.14 6.16 2.16 4.07 4.00

The molecule’s LUMO energy value indicates its ability to accept electrons [49]. The
lower the energy value of this parameter, the more likely it is to accept electrons from the
metal atom. Therefore, as the probability of accepting electrons increases, the molecule
becomes a better corrosion inhibitor. As a result of the calculations, the values of these
energies are given in Table 6. The decreasing values of LUMO energies are as follows:
caffeic acid > rutin > p-coumaric acid > apigenin.
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Figure 10. B3LYP/6-311G (d,p) optimized structures and HOMO and LUMO distributions for the
components in Ruta graveolens: rutin, caffeic acid, p-coumaric acid, and apigenin.

The difference in HOMO and LUMO energies (AE) is an important indicator that is
often associated with chemical stability [48]. This criterion is widely used to interpret and
explain the intermolecular reactivity trends of inhibitor molecules. It is often associated
with the ability of the molecule to donate and accept electrons from the d orbital of the metal.
High values in the energy difference (AE) indicate high stability. In contrast, inhibitors
with a small energy difference have high reactivity and, consequently, can adsorb on metal
surfaces [50]. A small AE value is an essential requirement for corrosion inhibitors. The
values calculated in descending order are p-coumaric acid > apigenin > caffeic acid > rutin.
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It is observed that rutin exhibits a higher inhibition efficiency, followed by caffeic acid,
apigenin, and p-coumaric.

Table 6 shows the reactivity parameters calculated according to the energy approach,
which calculates the energy of the uncharged (Ey), anionic (Ey+1), and cationic (Ex_1)
systems. These calculations start from the geometry of the system, which is found to be
fundamental. Once the energies of the neutral and ionic states are obtained, algebraic
calculations are performed to obtain the ionization potential (I), electron affinity (AE),
electronegativity (x), and chemical hardness (7). A suitable corrosion inhibitor must have a
strong Lewis base [460]. The electronegativity value explains the electron transfer between
the metal and the inhibitor. The results show that rutin presents a high capacity to form
anions due to the electronegativity value shown in the calculation results, i.e., it shows
a high tendency to attract electrons. Chemical hardness is a parameter that indicates a
system’s resistance to interacting with the surrounding medium. Regarding chemical
hardness (1), a compound with a low hardness has a high inhibition performance, as
is the case of rutin, which presented the lowest value of the compounds analyzed (see
Table 6). The chemical hardness and electronegativity were used to calculate the fraction of
electrons transferred.

3.7.2. Fraction of Electrons Transferred (AN)

Equation (6) calculated the charge transferred between phenolic acids and flavonoids
(A) on the steel surface (B). The obtained values of chemical hardness (7) and electroneg-
ativity () were used to determine charge transfer (AN), which describes the fraction of
electrons transferred from system A to system B. In this case, phenolic acids were selected
as system A, and type 304 stainless steel was selected as system B. Values of electroneg-
ativity (x) and chemical hardness (1) of system B (Fe, Cr, and Ni) were obtained from
the literature. If the AN values are positive, the system is an electron donor. If the AN
values are negative, the system is an electron acceptor. The values obtained were positive
in the interaction of the reported molecules in the Ruta graveolens extract and stainless steel,
indicating that the charge transfer flows from the metal surface to the phenolic acids and
flavonoids, respectively. This implies that the metal surface acts as an electron donor, and
the phenolic-flavonoid acids act as electron acceptors. The content of the main alloying
elements of steel, such as chromium and nickel, was also considered. Their values are
shown in Table 7. It was observed that rutin had the highest electron transfer value, while
the apigenin molecule had the lowest value, both relative to the iron atom. Concerning the
chromium atom, apigenin’s electron transfer was lower than rutin’s. Finally, in the case of
the nickel atom, there is a higher electron transfer by the rutin compared to the lower, in
this case, apigenin.

Table 7. Fraction of electrons transferred (AN).

Molecule ANFe AN¢, ANN;
Rutin 0.746 0.039 0.033
Caffeic acid 0.737 0.032 0.032
p-Coumaric acid 0.690 0.034 0.026
Apigenin 0.355 0.031 0.016

4. Conclusions

This study reports the inhibition properties of Ruta graveolens extract as a green
corrosion inhibitor for 304 stainless steel exposed to 1 M HCl medium for the first time. The
extract’s inhibition performance was evaluated using weight loss, potentiodynamic polar-
ization, and electrochemical impedance techniques. The main conclusions are as follows:

O  The weight loss method reveals that Ruta graveolens extract significantly decreases
the corrosion rate of 304 steel, obtaining a maximum inhibition efficiency of 95.28%
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at 25 °C and 600 ppm extract. Conversely, as the temperature and immersion time
increase, the inhibition efficiency decreases.

O At 25°C and 600 ppm extract, the potentiodynamic polarization results revealed
a 98.10% inhibition efficiency. These results also indicated that the extract acted
as a mixed-type inhibitor. At the same temperature and extract concentration, the
electrochemical impedance results showed that the R.; values increased with an
increasing extract concentration, and the highest inhibition efficiency reached 96.32%.

O  The adsorption of the inhibitor components onto the 304 SS surface was found to
follow the Langmuir isotherm model, and the inhibition of the corrosion process is
governed by physical adsorption. The thermodynamic parameters derived show
negative values of standard Gibbs free adsorption energies, suggesting a spontaneous
adsorption process of the Ruta graveolens molecules on the surface of the 304 SS.

O  SEM observations prove that 304 SS’s exposure to the 1 M HCl media (blank solu-
tion) causes considerable surface deterioration. On the contrary, a clean surface was
observed with the addition of the inhibitor extract.

O  The chemical characterization of the Ruta graveolens extract using HPLC showed the
presence of four compounds: rutin, caffeic acid, p-coumaric acid, and apigenin. The
presence of rutin molecules in the extract greatly benefits the electron donation from
the HOMO of the inhibitor to the LUMO of the metal having a low AE value (4.02 eV).

O  The present study has shown that Ruta graveolens extract, a green corrosion in-
hibitor for 304 stainless steel, has outstanding corrosion inhibition efficiency in an
acidic medium.
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