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Abstract

The Grated Agave Americana plant (GAA), from the Algerian Eastern Coast (Annaba) was tested as a corrosion inhibitor of AISI
410 steel in 05M H,SO,4. Stationary electrochemical techniques (Potentiodynamic polarization (PDP)) and transient
(Electrochemical Impedance Spectroscopy (EIS) and the method Potential of Zero Charge (PZC)), the weight loss method (WL),
scanning electron microscopy associated with X-ray Dispersive Energy Spectroscopy (SEM-EDX) and Atomic Force Microscopy
(AFM) were used. The polarization curves reveal that GAA acts as a mixed inhibitor. The steel surface is positively charged.
Maximum efficacy is 98.65% to 10% (v/v) after 24 h immersion at 25°C. The inhibitor adsorption on metal surface is
physisorbed, and obeys the Freundlich isotherm. The inhibitory efficacy decreases with temperature increase. SEM and AFM
micrographs confirm the results obtained by the WL method and the electrochemical methods. GAA is a good corrosion inhibitor

of AISI 410 steel in 0.5M H,SO,.
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1. Introduction

The corrosion of materials takes place through
physico-chemical interactions with their environment,
resulting in property modifications of metal often
accompanied by functional degradation of this latter
(deterioration of its mechanical, electrical properties, etc.).
Stainless steel is widely used in industry and in various
environments, due to its resistance to degradation by
environmental reagents [1, 2].

Stainless steels are currently the widely applied
materials in  corrosive environments, at different
temperatures, but with chloride or other aggressive anions,
they are subject to pitting corrosion [3, 4]. AISI 410 belongs
to the class of martensitic stainless steels (MSS), which are
iron-chromium alloys with Cr>10.5% (by weight) and have
resistance and high hardness at a relatively low cost. They
are less resistant to corrosion than other types of stainless
steels. MSS are generally used as surgical instruments, in
the manufacture of cutting tools, valves, aerospace
equipment, and the production and refining of petroleum
etc. [5-8].

Among the methods of protecting metals from
corrosion, the use of inhibitors is the simplest and most
economical. Therefore, many organic compounds were used
as corrosion inhibitors of various metals in different media.
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Generally, heterocyclic organic compounds containing N, O,
and S in aromatic or long chain carbon were reported as
effective inhibitors [9-12]. Since these inhibitors are
expensive, toxic and have harmful effect on the
environment, these properties restrict their use as inhibitors
of metals and alloys in various media [13-15]. Hence the
orientation of research towards plant extracts because of
their profitability, their abundant availability and their
environmental acceptability. The presence of alkaloids,
flavonoids, tannins, cellulose and polycyclic compounds in
plant extracts, facilitates the film formation on the metallic
surface preventing corrosion [16]. Thus, plant extracts
exhibit good inhibiting activity from corrosion.

This work is focused on understanding the corrosion
phenomenon of martensitic stainless steel AISI 410 in 0.5M
sulfuric acid solution, either with or without Grated Agave
Americana (GAA) as a green inhibitor. The GAA inhibitory
effect on corrosion of steels in different acidic media was
studied [17-20]. Several works were published, using
different parts of plants and their extracts as green inhibitors
of steels corrosion in different acidic media. Among which
the extract of Opuntia Ficus Indica [21-23], the extract of
leaves of Cistus ladanifer [24], the extract of Aloe Vera
[25,26], henna [27], Oxandra asbecki [28], Argemone
mexicana [29], Azadirachta indica [30], Mentha pulegium
[31], Damsissa [32], Ananas comosus [33], Lasianthera
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africana [34], Carica papaya [35 ], Justicia gendarussa
[36], fruit peels [37], Ferula gummosa [38], Ephedra
sarcocarpa [39], Calligonum comosum [40], Salvia
officinalis [41], Armoracia rusticana [42], Myristica
fragrans [43], Cuscuta reflexa [44], Sida cordifolia extract
[45], Dardagan fruit extract [46], Mimusaps Elangi extract
[47], and Macaranga Peltata leaf extract [48].

The study of corrosion was carried out by the
weight  loss  method,  Electrochemical Impedance
Spectroscopy (EIS), Potentiodynamic Polarization (PDP),
and Potential of Zero Charge (PZC), as well as
characterization techniques of the surface and adsorbed film
such as Scanning Electron Microscopy associated with X-
ray Dispersive Energy Spectroscopy (SEM-EDX), Atomic
Force Microscopy (AFM) and Fourier-Transform Infrared
spectroscopy (FT-IR).

2. Materials and methods

The material used in this study is a martensitic
stainless steel (AISI 410) coming from WITTEX brand
orthodontic pliers, with the following chemical composition:
0.15% C, 13.04% Cr, 0.18% Mn, 0.39% Si, 0.029% P,
0.020% S, 0.130% Cu, 0.008% Al, 0.003% Ti, 0.024% Nb,
0.269% Ni, 0.040% Mo, 0.031% V, 0.009% Sn, Fe
(balance), was obtained by the Atomic Emission
Spectroscopy technique (AES). We used a sulfuric acid
solution (H,SO,) at 0.5 M, obtained from the concentrated
acid at 98% brand Biochem, and volume 100ml.

We used the GAA (figure 2) as a green corrosion
inhibitor, the latter coming from the Algerian eastern coast
(Annaba), it was washed with distilled water and then
peeled to remove the hard green layer, finally grated in order
to collect a green liquid which we used directly in our
experiments.

2.1. Weight loss method

The weight loss measurements are made at
different immersion times (2, 4, 6, 8, 10, 12, 14, 16, 18, 20,
22, and 24h), all at an ambient temperature of 25°C. The
orthodontic pliers were cut into semi-cylindrical shaped
pieces with a surface area of 4.28 cm?. The sample was then
polished, washed with distilled water and acetone, air-dried
and weighed before being immersed in different solutions,
namely: 05 M H;SO, and 05M H,SO, at various
concentrations (1.5:5; and 10%) (v/v) of GAA, in order to
calculate the corrosion rate (Vc) according to equation (1)
below, and the inhibitory efficacy (1.E %) using equation
).

Am
= a ) (ED)

Where, Am: mass variation (g); S: metal surface

(mm?); t: time (h).
Vc —Vcinh

IE % =————.100, E2
0 Ve (E2)
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Where, \cin, and Ve represent the corrosion rates
either with and without inhibitor, respectively.

2.2. Electrochemical methods

The study of AISI 410 stainless steel
electrochemical behavior in 0.5M H,SO, either with or
without use of GAA was first carried out using the
Electrochemical Impedance Spectroscopy (EIS) method,
proceeding by a scan from high frequencies 10 kHz (HF) to
low frequencies 10 mHz (LF) with a sinusoidal disturbance
of 10 mV per decade.

Semi-circular curves were obtained for stainless
steel AISI 410 in 0.5M H,SO;, either with or without use of
inhibitors at different concentrations. From EIS spectra fit,
all of the charge transfer resistance (Rc), the solution
resistance (Rs) and the double layer capacitance (Cq) were
obtained.

The inhibitory efficacy was calculated according to
equation (3).

R. — R;
IE(%) = <;> x 100, (E3)
Ret

Where, Ry and Ry are the charge transfer
resistances with and without use of inhibitor, respectively.
The polarization resistance (Rp) can be calculated using
equation (4) below.
Ry X R

R+ R '
In a second time, by the potentiodynamic
polarization method with a scan potential from -800 mV to 0
mV/(Ag/AgCl) with ImV/s scan rate. The inhibitor efficacy
is calculated according to equation (5).

Teorr — 1
IE(%) = <u> x 100 , (E5)

lcorr

Rp = (E4)

Where, i°xn and i are the respective values of

steel corrosion current without and with inhibitor.
The aim of potentiodynamic curves is to determine the
polarization resistance and the corrosion rate. The Tafel
plots allow us to reach directly the current density values, as
can be deduced from the Stern and Geary equation (6):
; _ 1 (Ba. Bc)
corr— 2.3Rp (Ba +Bc)’

It is to be noted that all electrochemical tests are
carried out using a Gamry interface 1000
Potentiostat/Galvanostat managed with the Gamry
Framework software. The whole system is connected to an
electrochemical glass cell and a thermostatic double wall
with three electrodes: a stainless steel AISI 410 working
electrode coated in a 0.6 cm? epoxy resin, a reference
electrode (Ag/AgCl), and a plate platinum auxiliary
electrode, bearing an immersion time of 2 hours.

Before each electrochemical test, the working
electrode undergoes a polishing using abrasive paper with
different grain sizes (SiC: 800, 1200, 2400 and 4000),
followed by a distilled water rinse, and a degreasing with

(E6)
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methanol before drying with cold air. A sulphuric acid
solution (H,SO4) at 0.5 M was used for electrolyte.

2.3. Surface analyses

FT-IR spectroscopy was applied to GAA to
identify functional groups. The spectra were recorded on the
KBr powder (PERKIN ELMER Spectrum RX/FT-IR
System).

The morphology and composition of the inhibitive
films on surface after 2 h immersion of AISI 410 stainless
steel in 0.5M H,S0O,, either with or without inhibitor were
examined by SEM-EDX, and AFM.

3. Results and discussion
3.1. Weight loss method and surface morphology

Table 1 gathers the results, obtained by the
gravimetric method, of AISI 410 behavior to corrosion in
0.5M H,SO, at 25°C, without and with GAA at different
concentrations (1.5: 5 and 10 % (v/v)). The AISI 410
corrosion rate without GAA after 24 hours is 156,410
pg.mm2h™?, while with 1.5% (v/v) GAA, it dropped to
5248 pg.mmZh? corresponding to 96.64% maximum
efficacy. The presence of 5% (v/v) GAA, gives a corrosion
rate 3.843 pg.mm?h™ with 97.54% efficacy. By doubling
this last concentration, the rate is 2.106 pg.mm?2.h™and the
efficacy improved (98.65%).

The inhibitory efficacy variation of GAA on AlSI
410 corrosion in 05 M H,SO, according to time is
represented in figure 3. We observe that the concentration
increase raises the inhibitor efficacy, and for each study
concentration, corresponds a maximum efficacy after 24h
immersion; for the concentration 1.5% (v/v) GAA the
efficacy is 96.64%, for 5% (v/v) GAA, the efficacy is
97.54% and for 10% (v/v) GAA, the efficacy is 98.65%.

The surface morphologies of AISI 410 immersed
during 2 h in 0.5 M H,SO, either with or without 10% (v/v)
GAA, were investigated by SEM. The AISI 410
micrographs analysis, without inhibitor (figure 12), present a
very rough surface with the apparition of pitting corrosion,
which can be attributed to sulfuric acid attack. However,
with inhibitor, the AISI 410 surface (figure 14) is smooth
with an inhibitor film formation covering the entire surface.
SEM observations confirmed the gravimetric results.

3.2. Electrochemical methods
3.2.1. Open circuit potential (OCP)

Figure 4 shows the open circuit corrosion potential
(OCP) according to time of AISI 410 in 0.5M H,SO, either
with or without 10% (v/v) GAA, after 2 hours immersion at
25°C. We note that without inhibitor, the corrosion potential
(Ecorr) Stabilizes after 5800s with a -0.490V/Ag/AgCl value.
The addition of 10% (v/v) GAA shifts the potential towards
positive values till -0.445V/Ag/AgCl, while with GAA,
causes a displacement of Eg,, towards more noble values
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compared to those without, indicating a protective film
presence adsorbed on the steel surface.

3.2.2. Electrochemical impedance spectroscopy (EIS)

The electrochemical impedance diagrams relate the
adsorption behavior of the inhibitory molecules on the steel
surface, in representation of Nyquist (figure 5.a). We note
from these spectra at different inhibitor concentrations (0;
15; 2; 5; 7 and 10% (v/v)), the presence of two loops, the
first capacitive, whose diameter raises with the inhibitor
concentration increase, which is due to the charge transfer
phenomenon, followed by a second inductive loop due to
the relaxation of the adsorbed species at metal-solution
interface. The adsorption of organic molecules increases the
charge transfer resistance and decreases the double layer
capacity at metal-electrolyte interface, which is due to the
reduction of the dielectric constant between metal and
electrolyte.

From Bode representation according to the phase
angle (figure 5.b), we observe the presence of a single time
constant linked to capacitive semicircles, indicating that the
corrosion phenomenon is mainly controlled by charge
transfer [49]. For the representation of Bode according to
the module (figure 5.c), we note that the concentration
increase of GAA favors the polarization resistance increase.

The results of electrochemical impedance
spectroscopy were well adjusted with the equivalent
electrical circuit R;+Q1/(Ry+L1/Rs).

The simulated equivalent electrical circuit (figure
5.d) consists of an electrolyte resistance (Rs =R;) in series
with a constant phase element (CPEy = Q) in parallel with a
charge transfer resistance (Ri= R;) and an induction (L=L,)
and this latter in parallel with an induction resistance (R_ =
Ra).

From the electrochemical parameters deduced from
the AISI 410 Nyquists in 0.5M H,SO, with GAA at different
concentrations, after 2 h immersion (Table 2), we observe
that the concentration increase of GAA induces firstly, the
decrease in the double layer capacity (CPE)q at metal-
electrolyte interface, from (845 to 162) 10° pF.cm, and
secondly, the increase of charge transfer resistance (Rg)
from 12.32 to 116 Q.cm?, as well as an increase of the
inhibitor efficacy (IE%) upto 89.38% at 10% (v/v) GAA,
these variations might be due to the dielectric constant
reduction between metal and electrolyte, to the adsorption of
the GAA organic molecules and to thickness increase of the
protective film.

3.2.3. Potentiodynamic polarization

Figure 6 represents the potentiodynamic
polarization curves (Tafel) of AISI 410 in 0.5M H,SO,4 with
or without GAA at different concentrations, after 2 h
immersion, at 25°C. The shape of the Tafel lines provides
information on the steel surface activity, the corresponding
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charge transfer reactions as well as the reaction mechanism
deduced from the anodic and cathodic slopes [50].

We find that the concentration increase of GAA
decreases the densities of anodic and cathodic currents and
shifts the corrosion potential towards ennobling compared to
those without inhibitor. If the variation in the corrosion
potential AEg, > 85 mV compared to that without, the
inhibitor is considered to be anodic or cathodic. Whereas, if
AEcorr < 85 mV, it is of mixed type [51, 52]. This leads us to
conclude that GAA is a mixed type corrosion inhibitor. It
affects anodic reactions during the metal dissolution and
cathodic reactions during the hydrogen release.

According to the electrochemical parameters
deduced from the AISI 410 polarization curves in 0.5M
H,SO,without and with GAA at different concentrations,
after 2h immersion (Table 3). We note that the concentration
increase of GAA induces the reduction of the corrosion
current density from 1120.27 to 69.160 pA.cm? and the
corrosion potential increase from -467.614 to -440.085
mV/Ag/AgCl, of the polarization resistance from 0.02 to
1.606 Q.cm?, and the inhibitor efficacy upto 93.83%
corresponding to 10*M. GAA is a good corrosion inhibitor
of AISI 410, in 0.5 M H,SO,.

According to the comparative curves of AISI 410
inhibitor efficacies in 05M H,SO; in terms of GAA
concentrations (figure 7), we observe that the concentration
increase raises the inhibitor efficacy. Thus the best efficacy
obtained by each method, namely (WL, EIS and PDP) is
59.96; 89.38 and 93.83% respectively, corresponding to the
concentration of 10% (v/v) GAA.

3.3. Method of potential of zero charge (PZC)

The adsorption of GAA molecules was studied by
the potential of zero charge method. The obtained curve
represents a parabola whose peak corresponds to the
potential at zero charge Epzc=-0.500V/Ag/AgCl (figure 8).
The rational corrosion potential of Antropov (Er) is
calculated according to the following equation (7):

Er = Eocp - EPZC (E7)

The value of Er=+0.05V, which allows us to
conclude that steel surface is positively charged; indicating
that anion adsorption is favored.

3.4. Adsorption isotherms

To understand the interactions between GAA
molecules on AISI 410 steel surface, we plotted the
following adsorption isotherms: Langmuir, Temkin,
Freundlich, Frumkin, Flory-Huggins and El-Awady et al.,
according to their respective equations (8), (9), (10), (11),
(12) and (13):

Langmuir Cl—nh _ + C_inh (E8)
S Kads h
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Temkin e %% = K_1.Cinn (E9)
Freundlich
logb = logK,4s + nlogC (E10)
Frumkin
0 e(7239) = K . C (E11)
1-0 ads“inh

Flory — Huggins
5]
log = = logKq + 2 log(1—0) (E12)
El — Awady et al.

S|
log (m) = logK,4s + ylogC (E13)

Where: Ky is the equilibrium constant of the
adsorption process; © is the recovery rate of metal surface.
The recovery rates of metal surface (0) were calculated from
the electrochemical impedances, at different concentrations

of GAA, and itis calculated according to the equation (14).
B = IEC%) E14
~ 100 (EL)

From table 4, the slope values and the regression
coefficient (R?) for the isotherms of Langmuir, Temkin,
Freundlich, Frumkin, Flory-Huggins and El-Awady et al.,
are respectively (1.005,0.988); (0.165,0.971); (0.229,0.994);
(0.814,0.917);  (-0.994,0.788);  (0.885,0.916). The GAA
adsorption in 0.5M H,SO4 obeys to Freundlich isotherm
(figure 9) whose regression coefficient is very close to unity,
and the slope values were used to calculate the standard free
energy of adsorption (AG’4qs).

The adsorption equilibrium constant (Kyqgs) is linked
to the standard free energy of adsorption (AG®,qs) by Gibbs
equation (15):

AGY,, = —RTIn (1000 K,q45) (E15)
Where, R:perfect gases constant (R= 0,008314 kJ.mol*.K™);
T: temperature (K); The value 1000 is water concentration
in the solution in (g.L™).

According to R. Idouhli et al. [53], if the AG®ys
value is between -20 and - 40 kl.mol™*; both physisorption
and chemisorption contribute to the inhibitor adsorption on
metal surface. In addition, the negative sign indicates that
the adsorption is spontaneous. Generally, if AG s < -20
kd.mol, it is a physisorption associated with an electrostatic
interaction between charged inhibitor molecules and metal
surface; and if AGqs >- 40 klmoll, then it is a
chemisorption based on charge sharing or transfer of
inhibitor molecules at metal surface to form coordination
bonds [54].

In our study, AG’gs=-15.487kJ.mol™. Indicating
that the adsorption is spontaneous [55, 56] and of
physisorbed type [57].

3.5. Surface analyses

According to the micrographs (SEM) of AISI 410
surface (figures 10.a and 10.b), we observe a smooth and
homogeneous surface. The AFM micrograph of AISI 410
(figure 11), confirms the observations made by SEM, with a
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roughness (Ra) of 83.450 nm. From figures 12.a and 12.b,
we observe that AISI 410 surface, immersed in 0.5M
sulfuric acid for 2 hours, is corroded under the form of
pitting with different sizes; which means that we are in
presence of pitting corrosion. The AFM micrograph of AISI
410 (figure 13) confirms the pitting presence under the form
of dark areas, distributed on the surface, whose reliefs
constitute corrosion products, with 109.863 nm roughness.
According to SEM micrographs (figures 14.a and
14.b), of the surface of AISI 410 in 0.5M H,SQ4, with 10%
(v/v) GAA, we note that the pitting number decreased;
which is due to the inhibitor film presence. The AFM
micrograph of AISI 410 in 0.5M H,SO4with 10% (v/v)
GAA (figure 15), confirms a significant reduction in pitting
number by the adsorption of inhibitory molecules on steel
surface, forming an inhibitory film, hence inducing a
decrease in roughness (Ra= 29.154 nm). Figure 16
represents the EDX spectra of AISI 410 after 2h immersion,
in 0.5M H,SO, either with or without 10% (v/v) GAA. Mass
percentages, of different formed elements, are gathered in
table 5. In comparison with the composition of AISI 410
either with or without 10% (v/v) of GAA, there is a
diminution in the O and Cu contents. The increase in Crand
Fe content, confirms the protective film formation of AISI
410 in the case of inhibited solution. C content increases as
well, which is mainly linked to organic molecules
adsorption of the inhibitor on the AISI 410 surface.

3.5.1. Temperature effect

In order to determine the thermodynamic
parameters, we studied the temperature effect, by plotting
the potentiodynamic polarization curves of AISI410 in 0.5M
H,SO4, either with or without 10% (v/v) GAA, after 2h
immersion at temperatures 25, 35 and 45°C. Figure 17
represents the temperature effect on the polarization curves
of the AISI 410 in 0.5M H,SO, either with or without 10%
(v/v) GAA, after 2h immersion. According to which, we
observe the decrease in the current density of the cathode
and anode branches, at temperatures 25 and 45°C, compared
to those without as well as the displacement of the corrosion
potential towards ennobling. While at 35°C, we notice a
slight diminution in the current density of the anode branch
only compared to that without. Which leads us to conclude
that GAA acts better at room temperature (25°C) and this
was confirmed by its inhibitor efficacy value (93.83%) and
its polarization resistance that increased (table 6).

Thermodynamic parameters (activation energy E,,
Enthalpy AH.°, Entropy AS;°) could be determined using
the two Arrhenius expressions. The first representation of
Arrhenius equations (16) allows calculating the activation
energy (E,) at various temperatures. Figure 18 shows the
straight line, log iy = f(UT), of AISI 410 stainless steel in
0.5M H,SOqeither with or without 10% (v/v) GAA:
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Ea

19810 = =5 303RT
Where, ir: corrosion current density (pA.cm'Z); A:
Arrhenius constant; E, activation energy (kl.moll); R:
perfect gases constant (J.mol™.K?') and T: Absolute
temperature (K). The second representation of Arrhenius
equation (17) determines both the variation of the standard
activation enthalpy (AH®;) and the variation of the standard
activation entropy (AS°q). Figure 19 shows the straight line
In (icor/T) according to (UT), of AISI 410 in 0.5M
H,SO4either with or without 10% (v/v) GAA. The AH°, and
AS°q values are calculated with (—AH°4/R) slope and an
interception of (In (R/Nh)+AS°4/R), respectively.
In(igor /T) = In(R/Nh) + (AS2/R) —AH2/RT (E17)
Where, h: Planck constant (6.626.10°* J.s); N: Avogadro
number (6.022x10%%); AH°,: variation of standard activation
enthalpy and AS°.: variation of standard activation entropy.

From Table 7, we observe that the value of the

activation energy calculated in the presence of 10% (v/v)
GAA is lower than that in the absence of inhibitor. The
value of the activation energy (Ea) is known to be essential
in order to determine the type of the adsorption process
(physisorption or chemisorption) for the corrosion reaction
of metal in different corrosive media. An explanation of the
fact that Ea in the presence of GAA is smaller than that in
H,SQO,, according to Rodovici, cited by Popova et al. [58],
lower down Ea values in solutions containing inhibitor
indicate a specific type of adsorption of the inhibitors, the
adsorbed inhibitor’s molecules block an essential part of the
active sites on the metal surface which is energetically
inhomogeneous. In general the adsorbed species block the
most active sites, i.e. those with the lowest Ea value. This
result was consistent with results from previous studies [59,
60]. The AH, <0 valuesindicate that steel dissolution is
exothermic [61]. The ASq° negative values with GAA
denote a decrease in molecular disorder provoked by the
formation of a complex of adsorbed metal/species. This
implies a diminution in steel dissolution inducing an
increase of inhibitor efficacy [62].

+logA (E16)

3.6. FT-IR spectroscopy

Figure 20 shows the FT-IR spectrum of the GAA
inhibitor film, formed on AISI 410 surface after 2h
immersion in 0.5 M H,SO,. The peak that appears at
3462.06 cm” is attributed to OH stretching band. The peak
at 1637.81 cm' is the result of stretching C = O, which is
lower than that of normal C = O, due to resonance. In
general, conjugation weakens the absorption. The peak at
667.29 cm™ corresponds to the N-H stretching. The main
characteristics of corrosion inhibitors are the presence of
oxygen and nitrogen in GAA. Furthermore, several studies
showed that the presence of hydroxyl and carbon double
bond in an organic compound confirms its inhibiting effect
of corrosion [63-66].
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Table 1. Corrosion rates of AISI 410 steel in 0.5M H,SO,, either with or without GAA at various concentrations and calculated
inhibitory efficacies

0.5M H,SO, | 1.5% (v/v) GAA 5% (v/iv) GAA 10% (v/v) GAA
Immersion | V \% \Y
. P el IE \% IE 21 | IE
(tr:r)ne (Mg.mm™~.h™) (Hg.mm™.h™) ) (gmm?hY) ) (bg.mm™=.h™) )
0 / / / / / / /
2 10.182 8.884 12.75 | 7.589 2546 | 4.077 59.96
4 21.193 12.090 4295 | 9.083 57.14 | 7.008 66.93
6 26.915 10.969 59.24 | 9.730 63.85 | 5.320 80.23
8 34.601 13.494 61.00 | 12.523 63.80 | 8.006 76.86
10 48.069 18.230 62.06 | 17.103 64.42 | 11.193 76.71
12 64.269 20.518 68.07 | 15.160 7641 | 15.193 76.36
14 73.524 14.132 80.78 | 10.642 85.52 | 8.082 89.00
16 87.420 13.194 84.91 | 10.246 88.28 | 9.080 89.61
18 110.963 14.111 87.28 | 10.794 90.27 | 8.753 92.11
20 125.630 12.973 89.67 | 9.889 92.13 | 7.161 94.30
22 135.462 11.688 91.37 | 9.627 92.89 | 9.143 93.25
24 156.410 5.248 96.64 | 3.843 9754 | 2.106 98.65

Table 2. Electrochemical

parameters deduced from the AISI 410 Nyquists in 0.5M H,SO,with GAA at different concentrations,
after 2h immersion at 25°C and calculated inhibitory efficacies

Parameters
Rp

Rs ) Ric ) CPEy ) 0 L RL ) , IE
[GAA] (Qem™) | (Qem™) | (MF.cm™) (H) (Qem©) | (2 cm©) | (%)
% (v/v)
0 2.53 12.32 0.000845 0.946 1.790 1.012 0.935 /
15 2.97 28.74 0.000392 0.949 1.956 3.642 3.232 57.13
2 2.32 30.00 0.000350 0.927 0.953 3131 2.835 58.93
5 242 47.24 0.000291 0.880 1.523 5.028 4.544 73.92
7 2.22 58.8 0.000178 0.900 1.00 5.39%4 4.941 79.05
10 2.77 116 0.000162 0.918 0.783 3.243 3.155 89.38
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Table 3. Electrochemical parameters deduced from the AISI 410 polarization curves in 0.5M H,SO, either with or without GAA
at different concentrations and calculated inhibitor efficacies

Parameters
'Ecorr icorr ﬂa ﬁc Rp IE
[GAA] (MV/aginger) | (MAcm™) (mv.dec?) | (mV.dec?) (Gen?) %)
% (v/v) ‘
0 467.614 1120.270 575 136.7 0.020 -
15 451.755 241.222 30.0 119.9 0.043 78.47
448.600 230.900 32.6 120.9 0.048 79.39
5 446.747 159.876 31.2 1311 0.068 85.73
7 444.890 75.450 29.8 1145 0.182 93.26
10 440.085 69.160 329 115.1 1.606 93.83
Table 4. Adsorption isotherms of AISI 410 in 0.5M H,SO4with GAA
Adsorption Isotherm R Slope
Langmuir 0.988 1.005
Temkin 0.971 0.165
Freundlich 0.994 0.229
Frumkin 0.917 0.814
Flory- Huggins 0.788 -0.994
El-Awady et al. 0.885 0.916

Table 5. EDX analysis (% by weight) of the surface composition of AISI 410 before and after immersion in 0.5M H,SO,4 without
and with 10% GAA

Elements (% weight) C O Cu Si S Ca Cr Fe
AISI 410 2.52 - - 0.32 - 0.06 12.07 85.05
AlSI410 +0.5M H,S0O, 2.09 1337 | 3.96 0.35 2.84 0.14 10.35 66.89
AISI 410 +05M H,SO4+ | 5.19 3.02 2.99 - - - 11.23 7757
10%(v/v) GAA

Table 6. Electrochemical parameters deduced from the polarization curves of AISI 410 in 0.56M H,SQO, either with or without 10%
(v/v) GAA at different temperatures and calculated inhibitor efficacy, after 2h immersion

T(°C) |25 35 45
E"ss'\g 0.5M 0.5M
2 4
0.5M + 0.5M 52304 0.5M 22504
H,SO, | 10%(v/ | H,SO H,SO
290 ) o0V | HS0s 1 10wy | F259% | 1006w
GAA GAA
Parameters GAA V)
“Eogrr 46761 | 44008 | 47295 |, ... [469.34 | 42713
(MV/aginge) | 4 5 1 ' 7 7
: 1120.2 1516.7 15360 | 786.92
lcorr 69.160 884.438
(WA .cmi?) 70 78 02 7
Pa 575 329 | 686 357 M3 26.6
(mV.dec™) ' ' ' ' ' '
c 139.9 115.1 90.9 144.0 335 82.2
(mV.dec™)
Ro 136.70 | 16064 | 150 100 60 45
(mQ.cm”)
IE
- 93.83 - 41.69 - 48.77
(%)
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Table 7. Thermodynamic parameters and activation energy of AISI 410 in 0.5M H,SO4 10% (v/v) GAA
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Paramer:m““ons 05M H,SO, | 05M H,SO, +10%(viv) GAA
E. (kd.mol™) 101.011 97.885

AH; (kJ.mol™) 98.346 -152,074

AS;, (3.mol K™ 143.882 -673.465

IE(%)

Fig.3. Variation in the GAA inhibitory efficacy at different concentrations on AlSI 410 in 0.5M H,SQ,, according to time
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Fig.4. Open circuit potential of AISI 410 according to time in 0.5M H,SO, either with or without 10% (v/v) GAA, after 2 hours
immersion at 25°C
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Fig. 5. Electrochemical impedance diagrams for AISI 410 in 0.5M H,SO, either with or without GAA at various concentrations
after 2 h immersion at 25°C: (a) Nyquist; (b) Bode according to phase angle; (c) Bode according to the module and (d) Equivalent
electrical circuit
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Fig.6. Potentiodynamic polarization curves of AISI 410 in 0.5M H,SO,, either with or without GAA at different

IE(%)

concentrations, after 2 h immersion, at 25°C
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Fig.7. Influence of GAA concentration on the inhibitor efficacy by different methods: (a) WL (b) EIS and (c) PDP
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Fig.9. Freundlich adsorption isotherm of AISI 410 in 0.5M H,SO,with GAA, after 2h immersion

Fig.10. Micrographs (SEM) of AISI 410 surface: (a) Front view and (b) Cross section

Fig. 11. Micrograph (AFM) of AISI 410
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Fig.12. Micrographs (SEM) of AISI 410 surface in 0.5M H,SO, after 2h immersion at 25°C: (a) Front view, and (b) Cross section

Fig.14. Micrographs (SEM) of AISI 410 in 0.5M H,SO4in the presence of 10% (v/v) GAA, after 2h immersion at 25°C: (a) Front
view and (b) Cross section
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Fig.15. Micrograph (AFM) of AISI 410 in 0.5M H,SO4with 10% (v/v) GAA after 2h immersion at 25°C
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Fig.16. EDX spectrum (a) of AISI 410, (b) in 0.5M H,SO4and (c) with 10% (v/v) GAA, after 2h immersion at 25°C
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Fig .17. Temperature effect on AISI 410 polarization in 0.5M H,SO, either with or without 10% (v/v) GAA, after 2h immersion
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Fig.18. Arrhenius straight lines of log icraccording to 1/T of AISI 410 in 0.5M H,S0O;, either with or without 10% (v/v) GAA
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Fig.20. FT-IR spectrumof GAA

v' The best inhibitory efficacy of GAA was obtained
4. Conclusions at 25°C
The object of this work is to study the Grated v' The FT-IR analysis of the GAA confirms the
Agave Americana effect as an ecological corrosion inhibitor presence of functional groupings that are
of AISI 410 in 0.5M H,SO,. The results obtained are as responsible for the inhibition
follows: v' The SEM-EDX and AFM micrographs confirm the
v Presence of a capacitive loop followed by a second results obtained by the gravimetric method and the
inductive electrochemical, stationary (potentiodynamic) and
v' The adsorption of GAA obeys to Freundlich transient (EIS) methods
isotherm
v" GAA behaves as a mixed inhibitor Acknowle dge ments
v The surface of the AlISI410 is positively charged The authors are greatly thankful to Pr.Glilfeza
v' The molecules of GAA are physisorbed Kardas from the Cukurova University (Adana, Turkey),
v' The thermodynamic parameters of adsorption and also to Mrs. Nora Zennadi for her help with
indicate that the GAA adsorption process on AlSI translation work.

410 surface is spontaneous and favorable, and it
occurs by a physical adsorption mechanism
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