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Abstract: The corrosion inhibition action of Phalaris canariensis extract on brass in a COz-saturated
3.5% NaCl solution has been evaluated with the aid of potentiodynamic polarization curves, linear
polarization resistance and electrochemical impedance spectroscopy tests. Results have indicated
that Phalaris canariensis extract is an excellent CO: corrosion inhibitor with an efficiency that increases
with its concentration, reaching its maximum value of 99% with an inhibitor concentration of 100
ppm, decreasing the corrosion current density for more than two orders of magnitude. The addition
of the Phalaris canariensis extract increased the pitting potential and decreased the passive current
density values and affected cathodic reactions, behaving as a mixed type of inhibitor. The corrosion
process was under charge transfer control, and it was neither affected by the addition of the inhibitor
nor by elapsing time. Main compounds found in the Phalaris canariensis extract included antioxidants
such as palmitic and oleic acids.

Keywords: Brass; Acidic corrosion; green inhibitor; Phalaris canariensis

1. Introduction

Due to their high corrosion resistance, mechanical properties, electrical and thermal
conductivity, copper and its alloys, such as brass, find many applications in the industry, such as
drinking water distribution systems, power stations, seawater desalination, submarine and ship
construction, pipelines, oil-water separation processes, electronics, etc. Despite the high corrosion
resistance of copper and brass, they are susceptible to different types of corrosion when exposed to
some environments, especially the selective corrosion of zinc in brass [1-4]. It has been proved that
one of the most efficient ways to minimize copper or brass corrosion is by using corrosion inhibitors,
especially heterocyclic compounds that contain functional groups with heteroatoms such as nitrogen,
oxygen, sulfur and phosphorus, such as amines, azoles, Schiff bases, imidazolines, amides and their
derivatives, which can form a layer of protective corrosion products on the metal surface [5-6].
However, these organic compounds are expensive, toxic and harmful to human people and the
environment, and thus, a lot of research has been done on the use of more environmentally-friendly
corrosion inhibitors [7-20]. Thus, some green inhibitors such as Palm Oil [7, 12], Aegle marmelos pulp
[8], Shrimp shell waste [9], carbon dots [11], expired ciprofloxacin [13], Thymus vulgaris [15], Coffee
waste [16], garlic [18] have been evaluated for copper and brass in environments such as atmospheric
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[7, 12-14], H2SOx4 [8], NaCl [9, 10, 16, 19], HCI [14] and H2NO:s solutions [17, 18]. However, there is
very little information about the CO: corrosion of copper or brass [21-23].

In power stations, brass is used in various components like valves, fittings, connectors, and
steam condensers due to its resistance to corrosion, especially in water or steam systems. Some pump
components, such as impellers and housings, may be made of brass to resist wear and tear, as well
as corrosion from fluids like water or oil. In thermal power plants, particularly coal, gas, or oil-fired
stations, CO; is a byproduct of the combustion of fossil fuels. This CO, is present in the flue gases
that are emitted during the burning of fuels [24]. While the CO; itself is usually not directly mixed
with the station working fluids, it may dissolve in water or other fluids used in cooling systems,
leading to an increase in CO, concentration in these fluids [25]. If the plant uses a wet cooling tower,
the flue gases may carry CO; into the cooling water, either through direct contact with the air or
through leakage from systems like the condenser or scrubbers. When CO, dissolves in water, it forms
carbonic acid (H>COj3), which can lower the pH of the cooling or condensate water [26]. This can lead
to corrosion in pipes, heat exchangers, and other parts of the cooling system if not properly
controlled. In power stations that use steam turbines, the water in the steam cycle may absorb CO,
from the combustion gases, especially if the boiler is not fully sealed or if there is any leakage. Over
time, CO; can build up in the steam and condense back into water within the system [27].

Phalaris canariensis is considered as a pseudo-cereal plant that produces white oval-shaped
panicles with green veins, which eventually yield small elliptical seeds of approximately 4 to 5
millimeters in length and 1.5 to 2 millimeters in width. Although it is used mainly as a bird food, it
has gained importance for human consumption due to beneficial properties such as antioxidant,
antihypertensive and antidiabetic which is because of the presence of amino acids, proteins, minerals
and a variety of antioxidants such as flavonoids, vitamin E, fatty acids such as oleic, palmitic and
linoleic  acids [28-30]. Thus, the aim of this work is to evaluate an environmentally friendly
corrosion inhibitor, Phalaris canariensis, for the CO:z corrosion of brass.

2. Experimental Procedure

2.1. Testing Material

Used material in the present research work was commercial brass containing 68.5 (wt. %) Cu-
31.5 Zn, in the form of cylindrical bars 6.0 mm in diameter. Specimens measuring 10.0 mm in length
were cut and encapsulated in commercial polymeric resin, abraded with 600 grade emerging paper,
washed with acetone, and blown with warm air.

2.2. Synthesis of the Inhibitor

For the obtention of the inhibitor, the Soxhlet method was used by using hexane as solvent. For
this, Phalaris canariensis seeds were crushed, and 400 g of this powder were placed together with 100
ml of hexane in round-bottom flasks, mounted on a heating grill at 68.7 °C, the hexane boiling point
temperature, and kept for 24 h. The remaining solvent was evaporated in a rotary evaporator, leaving
only the extracted Phalaris canariensis oil.

2.3. Working Electrolyte

Working electrolyte consisted of COz-saturated 3.5 (wt.%) NaCl solution. For this, a 3.5 % NaCl
solution was prepared by using analytical grade reagents. This solution was bubbled during two
hours with CO: gas, and kept bubbling during the whole test. A three-electrode glass electrochemical
cell was used for this purpose, using a Silver/Silver Chloride reference electrode and a 6.0 mm
graphite counter electrode. Inhibitor was added to this solution by appropriate dilutions.

2.4. Electrochemical Techniques

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Potentiodynamic polarization curves (PPC) and Electrochemical Impedance Spectroscopy tests
(EIS) were used to evaluate the inhibitor. Prior to these tests, the Open circuit potential value, OCP,
was monitored during 1,800 s. PPC tests were started by polarizing the specimen 700 mV more
cathodic than the free corrosion potential value, Ecorr, scanned into the anodic direction at scan rate of
1 mV/s, and finishing at a potential value of 700 mV more anodic than Ecorr. Extrapolation of the
passivation current density value was used to calculate the corrosion current density value, Lcor, since
a passive region was found. Inhibitor efficiency value, L.E., was calculated as follows:

I.E. (%) = (Icorrl - ICOI’I‘Z)/ Icorr] X 100 (1)

where ocor2 and w1 are the corrosion current density values with and without inhibitor
respectively, whereas the metal fraction covered by the inhibitor,ee was calculated by using:

0= (Icorrl - IcorrZ)/ Leorr1 (2)

EIS measurements were carried at the Ecorr value by applying an AC voltage signal of 10 mV
in a frequency range of 100 kHz to 0.01 Hz during 24 h. Morphology of corroded specimens was
analyzed in a JEOL JSM-IT500 Scanning Electronic Microscope, SEM, which was coupled to an
Oxford energy dispersive spectroscopy, EDS, equipment to carry out semi quantitative chemical
analysis of the corrosion products on top of specimens.

3. Results and Discussion

3.1. Chemical Analysis of the Inhibitor

As reported elsewhere [31], chemical composition of Phalaris canariensis extract consisted of fatty
acids being the most abundant palmitic, oleic, and 17-Octadecynoic acids. Palmitic acid has not
double bonds, whereas oleic acid has double bonds in its carbon chain, giving to these compounds
antioxidant properties, whereas the former gives more stability to its molecular structure. Double
bonds are more chemically reactive than single bonds. It was also reported the presence of C-H bond,
as well as the C=O carbonyl group, C-O and C=C bonds. The combination of these functional groups
as well as the double bonds, make that these fatty acids can act as corrosion inhibitors. In fact, both
Oleic and palmitic acids have been studied as corrosion inhibitors for carbon steel in CO:
environments [32, 33] and in acidic media [34-36].

3.2. Open Circuit Potential

The effect of the Phalaris canariensis extract concentration on the OCP value for brass in the CO2-
saturated 3.5% NaCl solution is depicted in Figure 1, where it can be seen that as the Phalaris
canariensis extract increases, the OCP value is made nobler. The most active OCP value was for the
specimen in the absence of the inhibitor, whereas the noblest value was obtained with the addition
of 100 ppm of Phalaris canariensis extract. This shift of the OCP value is due to the adsorption of the
Phalaris canariensis extract to form a protective layer of corrosion products. In the absence of an
inhibitor, it has been reported that the main corrosion products formed in brass in aqueous solutions
in the presence of CO:2 include the CuO and Cu20 oxides, CuCOs and Cu(OH): [21, 37] which are
very protective, and this is the reason why the OCP value in these conditions is quite stable. When
Phalaris canariensis extract is added into the solution, this is adsorbed onto the metal surface to form
a protective layer, which, in addition to the compounds formed in the absence of the inhibitor, protect
in a better way the metal, and the metal surface area covered by this film increases with the inhibitor
concentration, shifting the OCP value into the noble direction [22, 23].
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Figure 1. Effect of Phalaris canariensis extract concentration on the variation with time of the open circuit potential

value, OCP for brass in a COz-saturated 3.5% NaCl solution.

3.3. Potentiodynamic Polarization Curves

The effect of the Phalaris canariensis extract concentration on the polarization curves for brass in
the CO»-saturated 3.5 % NaCl solution is shown in Figure 2, whereas electrochemical parameters are
given in Table 1. It can be observed in Figure 2 that regardless of the inhibitor concentration, data
depict behavior. Anodic reactions involve the oxidation of Zn as Zn?* and oxidation of Cu as Cu* and
Cu?* as follows:

Zn — Zn?*+ 2e 3)
Cu— Cutte 4)
Cu* > Cu?+e 5)

whereas cathodic reaction starts with the dissolution of CO:2 into the liquid phase is the initial
step of COz corrosion followed by the formation of carbonic acid (H2COs) by the CO:z hydration as
follows [38]:
CO2 + H20 - H2CO:s 6)
After this, carbonic acid dissociates to give bicarbonate ion, HCOs', carbonate ion, COs?%, and
protons, H* [39-40].

H2COs - H* + HCOs (7)
HCOs — H* + COs> 8)
H*+e — ¥2H> 9

In the absence of the inhibitor, two very narrow passive regions are observed at -0.240 and -0.185
mV, whereas a very wide zone which starts at -0.90 mV can be observed. As it was established above,
the main corrosion products in the blank, uninhibited solution are CuO and Cu20 oxides, CuCOs and
Cu(OH): [21, 37]. When the inhibitor is added, the passive zone formed by the adsorbed inhibitor
onto the metal surface can be still observed, the Ecorr value is shifted into the noble zone and both the
passive and corrosion current density values are decreased as shown in Table 1. The pitting potential
value, Epit also moved towards nobler values and the passive current density value decreased as the
inhibitor concentration increased. Thus, we can say that the addition of the Phalaris canariensis extract
improved the passive film properties. It can be seen that the Icor value decreased as the inhibitor
concentration increased, obtaining the lowest value with the addition of 100 ppm, which was nearly
two orders of magnitude lower than that obtained for the uninhibited solution. Table 1 also shows
that the inhibitor efficiency increases as the inhibitor concentration increases, reaching the highest
value of 99% with 100 ppm of Phalaris canariensis extract. Similarly, the metal fraction covered by the
inhibitor, e, also increases with the inhibitor concentration, indicating that the corrosion inhibition is
due to the adsorption of the Phalaris canariensis extract onto the metal surface area. On the other hand,
since there was a passive zone with properties improved by the addition of the inhibitor, no anodic
Tafel behavior can be observed, however, cathodic Tafel slope was affected by the addition of the
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inhibitor, affecting the cathodic reactions described above, therefore it can be said that Phalaris
canariensis extract behaves as a mixed type of inhibitor.
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Figure 2. Effect of Phalaris canariensis extract concentration on the polarization curves for brass in a COz-saturated
3.5% NaCl solution.

Table 1. Electrochemical parameters obtained from potentiodynamic polarization curves.

Cinh Ecorr Leorr Oa Oc LE. O
(ppm) W) A/ecm?) (V/dec) (V/dec) (%)

0 -0.265 3.7x107 | - 270 | - -
25 -0.165 6.8 x 108 45 520 81 0.81
50 -0.100 3.0x10% 55 540 91 0.91
100 -0.035 1.0x10° | - 555 99 0.99

3.4. Electrochemical Impedance Spectroscopy Tests (EIS)

EIS data in the Nyquist and Bode formats for brass in the COz-saturated 3.5% NaCl solution with
different concentrations of Phalaris canariensis extract is given in Figure 3. Nyquist diagrams, Figure
3 a, display a depressed, capacitive semicircle with its center at the x-axis [3-5] at high and
intermediate frequency values, followed by what looks like a second capacitive semicircle at the
lowest frequency values, indicating a charge transfer controlled corrosion process [6,7]. The shape of
the loops did not change with the inhibitor concentration, indicating that the corrosion mechanism
remained unaltered. The high frequency loop represents the electrochemical reactions taking place
at the metal-double electrochemical interface, whereas the low frequency loop represents the
electrochemical reactions taking place at the metal-corrosion products interface [8-10]. It can be seen
that the high frequency loop diameter increases as the inhibitor concentration increases, reaching its
highest value at an inhibitor concentration of 100 ppm. On the other hand, Bode format in the
impedance format, Figure 3 b, shows that the total impedance increases with the inhibitor
concentration, increasing nearly three orders of magnitude with the addition of 100 ppm of inhibitor;
two different slopes can be observed in these plots, and thus, the existence of two time constants. The
phase angle value increases as the inhibitor concentration increases from around -40 degrees for the
uninhibited solution, up to -65 degrees with the addition of 100 ppm of inhibitor, showing a broad
peak, indicating the existence of a very protective layer of corrosion products on top of the metal, and
the existence of two time constants also.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Effect of Phalaris canariensis extract concentration on the a) Nyquist and b) Bode plots for brass in a
COr-saturated 3.5% NaCl solution.

The evolution with time of EIS data for uninhibited solution and the solution containing 100
ppm of inhibitor are shown in Figures 4-5 respectively. For the uninhibited solution, the shape of the
Nyquist plots did not change as time elapsed, Figure 4 a, indicating that the corrosion mechanism
process was the same with time.
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Figure 4. Niquist diagrams for brass in a CO2-saturated 3.5% NaCl solution containing a) 0 and b) 100 ppm of
Phalaris canariensis extract.
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Figure 5. Bode diagrams for brass in a COz-saturated 3.5% NaCl solution containing a) 0 and b)100 ppm of

Phalaris canariensis extract.

The total impedance increased as time elapsed, Figure 4 b, with the existence of two slopes at all
testing times, whereas the phase angle increased with time, indicating an increase in the thickness of
the protective corrosion products layer, with at least two peaks being observed at all testing times,
and thus two different time constants are observed. On the other hand, for the solution containing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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100 ppm of inhibitor, Nyquist diagrams was not altered as time elapsed, which means that the
corrosion mechanism remained unchanged, Figure 5 b.

Dislike this, the total impedance increased in a slow fashion as time elapsed, and three different
slopes are observed for all testing times; on the other side, the phase angle value increased with time,
with the existence of three peaks for all testing times, indicating the formation of a very protective
corrosion products layer.

EIS data can be simulated by using equivalent electric circuits as those shown in Figure 6. In this
figure, Rs represents the electrolyte or solution resistance, Rt the charge transfer resistance, Ca stands
for the double electrochemical layer capacitance, Rox stands for the oxide film or any formed corrosion
products layer resistance, Cox stands for this oxide capacitance, Rinn represents the inhibitor layer
resistance and Cinh stands for its capacitance. Since the observed loops in Figures 3-5 are depressed
due to surface heterogeneities or surface corrosion, ideal capacitances are replaced by a Constant
phase element, CPE, which have an impedance, Zcre given by:

Zepp = Yo 1Gw)™" (10)

where Yo is the proportionality constant, j is an imaginary unit, w is the angular frequency and
n is a parameter of the heterogeneity and roughness of the surface [41]. In addition to this, another
way to calculate the capacitance of the double electrochemical layer is by using the following
expression [42, 43]:

Cai = (eeo/A) A 17)

In this expression, €0 and ¢ are the free space permittivity and the dielectric constant of that space
respectively, o the thickness of the double layer and A the electrode surface area.

Obtained electrochemical parameters by using electric circuits shown in Figure 6 are
summarized in Tables 2-4. Table 2 shows that as the Phalaris canariensis extract increases, the inhibitor
efficiency and R« values increase whereas the CPEai decreases. In this case, inhibitor efficiency was
calculated as follows:

LE. (%) = 2u=Rez » 100 (18)
Ret1

where Ren and Rez denote the charge transfer resistance in the presence and absence of Phalaris
canariensis extract, respectively. As mentioned earlier, the increase in the inhibitor efficiency is due to
the inhibitor adsorption on the brass area forming a protective layer of corrosion products. This
decreases in the corrosion rate, as given by the decrease in the Icor value shown in Table 1 brings a
decrease in the total number of Cu and Zn ions crossing across the double electrochemical layer
bringing, thus, a reduction on the layer conductivity, and therefore, an increase on its resistance
represented by Re. In addition to this the adsorbed Phalaris canariensis extract on the brass surface
displaces the adsorbed water molecules from the metal, and, since the Phalaris canariensis extract
molecules are much bigger than the water molecules, the double electrochemical layer thickness
value, given by eeon Eq. (17), increases, bringing a decreases on the CPEa: value. Table 2 also shows
that the inhibitor resistance values, Rinh, are bigger than those for Re, indicating that the formed film
by the inhibitor is higher than that for the double electrochemical layer. The increase in the Rinn value
as the inhibitor concentration is due to a bigger metal surface area covered by the inhibitor and to an
increase in the inhibitor-formed film thickness on top of brass. Finally, a value close to 1.0 for
parameter n indicates a low metal surface roughness due to a lower metal dissolution rate, whereas
values close to 0.5 indicates a high metal surface roughness due to a high corrosion rate. Table 2
shows that for the uninhibited solution, the na value is 0.7, indicating a high metal surface roughness
because the brass dissolution rate is high. This parameter increases as the inhibitor concentration
increases, reaching a maximum value of 0.9 due to a low metal surface roughness because brass has
a low corrosion rate under these conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Electric circuits used to simulate the EIS data for brass in a COz-saturated 3.5% NaCl+CO:z solution.

Table 2. Electrochemical parameters used to simulate the EIS data using different Phalaris canariensis extract

concentrations.
Cinn Ret CPEq na  Rox CPEox Nox  Rim CPEim Ninh LE.(%)
(ppm)  (ohm (F cm?) (ohmcm?)  (Fcm?) (ohmem?)  (Fcm?)
cm?)
0 1777 4.74x10°° 0.7 10503 690x1075 0.7  ——--- e e
25 6959 2.52x1077 0.8 12079 437x107° 0.8 12489 2.37x1075 0.8 77
50 12578 1.17x 1077 0.8 18744 2.29x107° 0.8 36472 1.09x1075 08 88
100 3.6x10° 6.5x 10711 09 6.9x10° 1.90x 107 0.9 29x10° 48x107° 0.9 99

Table 3. Electrochemical parameters used to simulate the EIS data for the uninhibited solution.

Immersion time Rt CPEa ndi Rox CPEox Tox
(h) (ohm (F cm??) (ohm cm?)  (F cm?®)
cm?)

0 1777 4.74x107% 0.7 10503 6.90x107° 0.7
6 1976 1.3x107¢ 0.8 22105 1.3x107° 0.8
12 2125 83x1077 0.8 46186 83x107% 0.8
18 2468 6.2x1077 0.9 56360 6.2x107% 09
24 2797 3.7x1077 0.9 90613 3.7x107¢ 09

Table 4. Electrochemical parameters used to simulate the EIS data for solution containing 100 ppm of inhibitor.

Immersion time Ry CPEg ng Rox CPE Nox  Rim CPEiy, N LE
(h) (ohm c¢cm?) (F cm?) (ohmcem?)  (Fcm?) (ohmcem?)  (Fcm?) (%)
0 3.6x10° 65x10711 09 69x10°  1.9x107° 09 22x10° 48x107° 09 99
6 46x10° 16x107 05 89x10° 78x107 09  52x10°  26x107 09 99
12 21x10° 1.7x107 05  12x100  48x107 09  80x10° 17x107 09 99
18 1.9x10° 11x107 06 1.8x100 29x107 09 1.0x100 14x107 09 99
24 3.7x10° 14x107 06 27x100 12x107 09  24x10° 1Ix107 09 99

On the other hand, for uninhibited solution, Table 3, the Rt value did not change very much as
the time elapsed unlike the Rox values, which increased as testing time elapsed for almost one order
of magnitude, in agreement with the idea that under these conditions, the formed oxides on top of
brass brings a decrease on its corrosion rate. However, for the test with the addition of 100 ppm, Table
4, the Rt value increased for almost one order of magnitude and the CPEai value decreased almost in
the same way due to the inhibitor adsorption on the metal surface with a decrease in the metal ions
crossing the double electrochemical layer. Additionally, the film-formed inhibitor increases in
thickness as testing time elapsed, as evidenced by the increase on the Rinn values.

3.5. Surface Characterization

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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SEM micrographs of corroded specimens in the uninhibited solution and in the presence of 100
ppm of Phalaris canariensis extract are shown in Figure 7. For specimen corroded in the uninhibited
solution, Figure 7a, surface shows the presence of abrading marks together with numerous, small
pits, indicative of the rupture of a passive layer formed on top of the alloy. On the other hand,
specimen corroded in the presence of Phalaris canariensis, Figure 7 b, the abrading marks are still
present, however, the amount of pits is much lower than that in the uninhibited solution, indicative
that the passive layer formed on top of the alloy is more protective and less susceptible to be
disrupted by aggressive ions present in the electrolyte.

Figure 7. SEM micrographs of brass corroded in a COz-saturated 3.5% NaCl+COz solution containing a) 0 and b)

100 ppm of Phalaris canariensis extract.

4. Conclusions

A study of Phalaris canariensis extract as COz-corrosion inhibitor for brass has been carried out.
Polarization curves showed that even when in the absence of the inhibitor there is the presence of a
passive layer on top of the alloy, however, the passive current density value decreased whereas the
pitting potential value increased with the addition of Phalaris canariensis extract. For this, and since
the cathodic Tafel layer was affected by the inhibitor, therefore, it can be said that Phalaris canariensis
extract behaves as a mixed type of inhibitor. Phalaris canariensis extract was an excellent corrosion
inhibitor since its adsorption on to the alloy surface formed a protective passive layer with an
efficiency value that increases with increasing its concentration, obtaining a maximum efficiency of
99 % with the addition of 100 ppm of inhibitor. Corrosion mechanism was under charge transfer
control and it was not affected neither by the addition of the inhibitor nor by the elapsing time. The
adsorption of the inhibitor on to the alloy surface to form a protective passive layer made the charge
transfer resistance to increase and the double layer capacitance to decrease. This was due to the
existence of antioxidant compounds such as palmitic and oleic acids on the extract.
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