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Corrosion inhibitors are commonly used to reduce the effects of corrosive processes in metallic
materials. However, many compounds are toxic and expensive and have negative effects on the
environment. There is growing interest in replacing petroleum inhibitors with biodegradable inhibitors,
such as plant extracts. Barley agro-industrial waste (AW) is a source of compounds with great inhibitor
activity, and its use is desirable for minimizing the amount of AW. The aim of this paper is to
demonstrate the application of an AW extract as a corrosion inhibitor for stainless steel AISI 304 in
H.SO,4. The efficiency of this acid extract was evaluated by weight loss measurements, scanning
electron microscopy (SEM) analysis, open circuit potential (OCP) measurements, electrochemical
impedance spectroscopy (EIS), and potentiodynamic polarization curves (PP). The proposed extract
exhibited an inhibition efficiency of up to 97% and was physically adsorbed in the metallic surface.
The SEM images indicated that the addition of the extract decreased metal oxidation. The
electrochemical results for steel in the presence of the AW extract acted as a mixed-type inhibitor,
likely changing the cathodic mechanism reaction on the uncovered surface. The AW extract can thus
be used as an organic corrosion inhibitor.
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1. INTRODUCTION

Stainless steel is extensively used in industrial settings due to its corrosion resistance properties
[1]. The great cost—benefit of stainless steel can be attributed to its oxide layer, which is a mixture of
iron and chromium oxides and hydroxides [2]. However, such steel is susceptible to corrosion
processes, mainly in acidic media [3].

To reduce the effects of corrosion in acidic media, corrosion inhibitors are added to the
electrolytic media [3-7]. Inhibitors are substances that promote the partial blockage of the metallic
surface, even at low concentrations. They can act through chemical or physical adsorption, the
formation of an oxide layer, or the modification of the corrosive media [8]. The use of inhibitors is one
of the most practical anti-corrosion methods, mostly in acidic media, where it is necessary to prevent
metallic dissolution and acid consumption [9].

The inhibition efficiency of the compounds depends on their physicochemical properties. Most
of the organic inhibitors contain polar functional groups, with aromatic rings, heteroatoms, and =
electrons that are adsorbed in the metallic surface [1,4]. Organic compounds, such as azoles and
phenylazoles, are commonly used as inhibitors [1,8,10]. These compounds present great anti-corrosion
efficiency, but mostly cause undesirable effects due to their toxicity to humans, environmental
deterioration, and high cost of application [9].

There is great interest in replacing these toxic organic compounds with ecological and
biodegradable alternatives. The technological application of agro-industrial and food waste has been
extensively studied, for both reducing the waste itself and increasing its value in the agro-industry [9].
Natural compounds, such as feed peels and plant extracts, have become a viable alternative due to their
availability and high protein, polysaccharide, polycarboxylic acid, and alkaloid contents, which have
inhibitory abilities [11,12]. The extracts have great viability because they can be obtained with low
cost and through simple acidic, neutral, or basic extraction methods [4,9,13,14].

Agqueous plant extracts are viewed as a source of naturally biodegradable organic compounds
and can be extracted by simple procedures, resulting in high efficiency [4]. Coffee extracts, garlic
husks, fruit peels, llex paraguariensis, and Poinciana pulcherrima were studied and showed great
efficiency against the corrosive processes of HCI in carbon steel [4,9,12-14]. For stainless steel,
efficient results were obtained with the use of Salvia officinalis leaves and khillah extract [5,15].

Agro-industrial activities produce thousands of tons of waste globally. Much of these wastes
are used as animal feed [16]. These wastes contain great quantities of nutrients and antioxidant
compounds, which can be used to obtain chemical substances with inhibitory activity, adding value to
the waste, generating environmental benefits, and improving the economic viability of the responsible
management of agro-industrial waste [17].

Barley is the fourth world crop, generating thousands of tons of waste per year. Its composition
includes a high content of natural antioxidants, such as phenolic compounds. Moreover, it is a rich
source of amino acids, ascorbic acid, and glutathione, and as such is incorporated into many food
products and diets [18]. This paper aims to study the use of an acid extract from the agro-industrial
waste (AW) of barley as a green corrosive inhibitor for stainless steel AISI 304 in 1.5 mol L™ H,SO..
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2. MATERIALS AND METHODS

2.1. Preparation of the metallic substrates

The metallic substrates used were AlISI 304 stainless steel samples, with chemical compositions
of 18.49 Cr, 0.68 Mn, 8.40 Ni, and 72.43 Fe (% m/m). The stainless steel surfaces were successively
abraded with #320, #400, #600, and #1200 SiC paper, washed with distilled water, and air dried before
each test.

2.2. Barley agro-industrial waste characterization

Barley agro-industrial waste (AW) corresponds to the remaining products of the malting
process. In this process, the residue is the non-germinated barley that will not become malt. This
residue, known as malt bagasse, has a composition with a nutritional and technological potential that
should be harnessed. Barley bark and non-germinated barley, whose production reaches up to 3 tons
daily, is typically discarded as animal feed. However, this is undesirable due to its low digestibility.
This waste is presented in bran form with high humidity and is known to be rich in proteins (10%),
carbohydrates (73%), and lipids (3.1%), beyond digestible nutrients [19]. The waste is collected, dried,
and grounded to avoid fermentation.

The AW used in the experiments in this study was metallized using Quorum Q150R ES
equipment. The AW was analyzed by scanning electron microscopy (SEM) in a Tescan VEGAS3
microscope, with a 10 keV tension. The elementar composition was realized by energy dispersion
spectroscopy (EDS) in an Oxford X-act spectrometer, at 10 keV.

The AW was submitted to combustion in a Pelkin Elmer 2400 series Il analyzer, in a pure
oxygen atmosphere, to determine the chemical composition by elemental analysis. The gases resulting
from the combustion were quantified in a thermal conductivity detector.

2.3. Extract preparation

The AW acid extracts were obtained by the addition of 5 g of barley waste in sufficiently
concentrated H,SO, to obtain 1 L of 1.5 mol L™ H,SO, solution for 6 h. The resultant mixture was
filtered, and the filtered solution was directly used for experimental purpose as stock solution (5 g L™).
The other concentrations of the AW acid extract (1, 2, 3, and 4 g L™*) were prepared by dilution of the
stock solution [20].

2.4. \Weight loss experiments

The weight loss experiments were realized according to the ASTM G31/72 standard [21], in a
22 + 2 °C TE-2005 TECNAL thermostatic bath, at GPEL®, Unicentro. The stainless steel samples
were immersed for 2 h in 50 mL of H,SO, in the presence and absence of different concentrations of
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the AW acid extract. The weight loss measurements were realized in an analytic balance with 0.1-mg
accuracy. The corrosion rate (veorr) Was calculated according to equation 1 [8]:
Am
Veorr = T g 1)
where A corresponds to the surface area (cm?), Am= m¢ — m;, where mg is the final mass and m; is the
initial mass of the metallic sample before the experiment (mg), and t is the immersion time (h).

The inhibitory efficiency (IE) was calculated according to equation 2 [8]:

v _T
IE = corrd corr % 100 (Ej

vcorr,[!l

where veorr,0 and veorr are the corrosion rate in the absence (blank) and presence of AW, respectively.
The temperature effect was evaluated by the test in the absence and presence of the AW acid
extract, with concentrations of 1 to 5 g L™, in thermostatic baths at 32 °C, 42 °C, and 52 °C.

2.5. Surface analysis

The metallic samples were evaluated by Tescan VEGA 3 scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) in an Oxford X-act spectrometer, allowing for the
determination of the chemical composition of the metallic samples after immersion in the AW acid
extract. The accelerating voltage was 20 kV.

2.6. Electrochemical procedure

The electrochemical procedure was realized in an Autolab PGSTAT302N potentiostat, with an
electrochemical three-electrode cell of 100 mL. For the working electrodes, samples of AISI 304
stainless steel with an area of 0.68 cm?2 were used; for the counter electrodes, a platinum wire with a
large superficial area was applied; for the reference electrode, a mercurous sulphate electrode (MSE)
was used and an electrolyte solution of 1.5 mol L™ H,SO, containing the AW acid extract was applied.

In all experiments, the stainless steel was stabilized until the OCP reached approximately 2 h of
immersion in the electrolyte.

Polarization curves were obtained in both directions (anodic and cathodic) from the OCP,
applying a cathodic overpotential (nc) of -1.0 V and an anodic overpotential (n,) of +1.8 V, with a
scanning rate of 1.0 mV s™. The corrosion parameters, such as corrosion potential (Ecor), corrosion
current density (jeorr), and anodic and cathodic Tafel slopes (Ba and —fc, respectively), were obtained
from Tafel extrapolation.

The inhibitory efficiency was obtained from equation 3:

1E = jcprr:,l} _jcorrxlﬂﬂ [3]
-ilcr:.v?"r_.[!l

where jeorro and jeorr are the corrosion current density of steel, with and without the AW acid extract,
respectively, in the H,SO4 solution.
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The system was also evaluated by electrochemical impedance spectroscopy (EIS). A potential
perturbation of £10 mV was applied from the OCP in frequencies from 10 kHz to 0.01 Hz. The R
values were used to calculate the inhibitory efficiency, according to equation 4:

R_—R
IE = “R—“’“‘xwu (4)

ct

where R0 and R correspond to the charge transfer resistance in the absence and presence of the AW
extract, respectively.

3. RESULTS AND DISCUSSION

3.1. Barley agro-industrial waste characterization

Figure 1 shows that the AW morphology is typically fibrous, alveolar and presents irregular
rods resulting from the milling process. EDS mapping is presented in Figure 2.
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Figure 1. SEM image of crude barley agro-industrial waste. 500x zoom.
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Figure 2. EDS mapping of agro-industrial metallized waste.
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Table 1. Elemental analysis of the AW.

Element % / m/m
Carbon 41.2+0.54

Hydrogen 6.89 £ 0.03
Nitrogen 1.45+0.18

From Figure 2, it is noted that the AW sample presents Kal lines to carbon, oxygen, and
potassium, in lower intensities. The proportions of these elements are 64.7%, 34.9%, and 0.26%,
respectively. Table 1 presents the chemical composition of the AW obtained by elemental analysis.

Table 1 demonstrates that great quantities of carbon are present in the AW. From data shown in
Figure 2 and Table 1, it can be claimed that the main composition of the waste is C, N, O, H, N, which
are all features of organic compounds, and K.

The presence of N and O in the waste’s organic compounds is a potential source of electron
pairs available to its adsorption onto the metallic surface, promoting the partial blockage of the metal
and the consequent inhibition of corrosion in acidic media [13]. As this waste presents proteins in high
quantities (10%, approximately), which in turn presents both N and O atoms, it is possible to propose
this compound’s class as inhibitory molecules. The abundant compounds in the organic waste could be
extracted by different methodologies and used as corrosion inhibitors in other metal/corrosive media
systems [4].

3.2. \Weight loss experiments

Table 2 presents the results of the weight loss measurements on AISI 304 stainless steel
corrosion in 1.5 mol L™ H,SO,. The weight loss method of monitoring the corrosion rate and inhibition
efficiency is useful because of its simple application and reliability [5]. The corrosion rate (veor) Of
AISI 304 stainless steel in 1.5 mol L™ H,SO,4 obtained without extract was 0.9165 mg cm™ h™. This
value is very close to the literature results as obtained for 304 stainless steel in 1.0 mol L™ HCI (1.25
mg cm™ h) [22].

Table 2. Corrosion rate and inhibitory efficiency of the AW acid extract for AISI 304 stainless steel
coupons in 1.5 mol L™ H,SO0,.

[AW] /g L™ Veorr/ Mg cm™ h™ I.LE./ %
0 0.9165 -
1 0.2019 78.0
2 0.1034 88.7
3 0.08542 90.7
4 0.06024 93.4
5 0.02610 97.1
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The values shown in Table 2 show that the corrosion rate of stainless steel decreased with the
addition of the extract. Higher concentrations of the acid extract promoted higher surface blocking, as
demonstrated by the increase in the inhibitory efficiency.

The solvent molecules are also adsorbed at the metal/solution interface during corrosion
inhibition of metals. According to the Bockris-Devanathan-Muller model, the adsorption process in
aqueous solution can be regarded as a substitution process between the organic compounds in the
aqueous phase [Org(sol)] and water molecules at the electrode surface [H2Ods)] [23]:

Org(soly + X H2Oads) — Orgads) + X HaO sy

where X is the number of water molecules replaced by one organic inhibitor.

The interaction between the inhibitor and the metallic surface can be described by the
adsorption isotherms. The fraction of the surface covered (0) by adsorbed molecules is directly
proportional to the inhibitory efficiency. Several models were used for this purpose (Langmuir,
Freundlich, Temkin, Flory-Huggins, EI-Awady), and the results obtained from weight loss
measurements were used to describe the adsorption process, according to equations 5-10 [23]:

6 =1.E./100 (5)

C 1
L == —+¢ (6
angmuir: - K+c( )

1
Freundlich:logf =logK +—logc(7)

n

2.303 2.303
Temkin: § = (——) logK + (——) logc (8)
2a 0 2a
Flory — Huggins: lng( —) = logK + x log(1—8) (9)
c

a
El — Awady: lng(m) =logK +vlogc (10)

where ¢ is the concentration, K is the adsorption constant, 1/n is the Freundlich exponent, a is the
lateral parameter of interaction between adsorbed molecules, x is the number of adsorbed water
molecules substituted by inhibitor molecules, and y is the number of adsorbed molecules in an active
site [23-27].

The studied isotherms showed correlation coefficients of 0.998, 0.952, and 0.959 for the
Langmuir, Freundlich, and Temkin models, respectively.

Table 3. Adsorption parameters obtained with the AW acid extract on the corrosion inhibition of AlSI
304 stainless steel.

Isotherm R? y =a+ bx

Langmuir 0.998 y =0.323 + 0.977 x

The best fitting was obtained by Langmuir adsorption isotherm. Table 3 shows the adsorption
parameters for the Langmuir isotherm with an R? of 0.998 and a slope close to the unit (0.977), leading
to an adsorption equilibrium constant of 3.09 L g™* for the AW acid extract.
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The Langmuir isotherm assumes that the molecules, likely the proteins present in the bagasse
of the malt, adsorb onto the surface without interactions between the adsorbed molecules [4]. As the
extract components responsible for the inhibition process do not have a known molecular mass, the
calculation of thermodynamic parameters is unachievable [13,28].
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Figure 3. Langmuir adsorption isotherm of the AW acid extract.

Table 4. Temperature effect on the corrosion rate and inhibitory efficiency of AISI 304 stainless steel
in H,SO4 in the presence and absence of the AW acid extract.

Temperature / °C Blank 1gL? 2gL?
Veorr,0 Veorr lLE. Veorr LE.
(mgem?h?)  (mgem?h?) (%) (mg cm®h™) (%)
(22 £2) 0.9165 0.2019 77.9 0.1034 88.7
(32£2) 1.535 0.9157 40.3 0.4972 67.6
(42+£2) 2.338 1.674 28.4 0.8314 64.4
(52 + 2) 4.445 4312 2.99 1.937 53.4

Table 4 shows the results of the temperature effect on the inhibitory efficiency of the extract.
The corrosion rates of the stainless steel in free and inhibited acidic media increased as the temperature
increased, although the addition of the extract reduced the corrosion rate of stainless steel for all
temperatures, indicating that the extract adsorbs onto the steel surface, acting as an inhibitor of
corrosion reactions.

The inhibitory efficiency of the AW decreased with increasing temperature, likely due to
thermic agitation, which promotes the adsorption—desorption instability of the inhibitory molecules at
the metallic surface [4].
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As the temperature increases with the addition of the AW acid extract, the number of adsorbed
molecules decreases, as demonstrated by the reduced inhibitory efficiency of the samples. This
behavior indicates that the adsorption is probably physical in nature. The apparent activation energy
can be calculated by adjusting the values in equation 11, i.e., the Arrhenius equation [9]:

—E
1 = —4Ind (11
nvcﬂ?“?" RT + n [ :]

where veorr IS the corrosion rate at different temperatures, E, is the apparent activation energy, R is the
molar gas constant, T is the absolute temperature (K), and A is the frequency factor. The apparent
activation energy can be calculated by the angular coefficients of the In veor VS. 1/T plot, in the
presence and absence of the AW acid extract (Figure 4).
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Figure 4. Arrhenius plot of AISI 304 stainless steel in 1.5 mol L™ H,SO, in the presence and absence
of the AW acid extract.

Table 5 presents the apparent activation energy obtained from Figure 4.

Table 5. Apparent activation energy of the AISI 304 stainless steel immersed in 1.5 mol L™ H,S0, in
the presence and absence of the AW acid extract.

Sample E,/ kJ mol?
Blank 41.02
1g L™ AW acid extract 78.21

2 g L't AW acid extract 74.48
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It is noted that the activation energy barrier increased with the addition of 1 g L™ of the AW
acid extract, indicating that a physical adsorption between the components of the extract and stainless
steel was taking place. The same behavior was observed at 2 g L™ of the AW extract. The physical
adsorption of the molecules occurred through electrostatic interactions between the charged inhibitor
molecules and the charged metallic surface, which decreased the protection capability as the
temperature increased. This result is consistent with the decrease in the inhibitory efficiency as the
temperature increased [4].

3.3. Surface analysis

The surface morphology after the immersion, in different concentrations, of the AW acid
extract is presented in Figure 5. The steel surface is uniform, with small grooves resulting from the
process of metal preparation (Figure 5A). When the metal is immersed in the 1.5 mol L™ H,SO,
solution for 2 h, the oxidation reactions of the metal occur widely throughout the surface, resulting in
the image shown in Figure 5B, where it is possible to observe the rough surface. When the AW acid
extract is added to the medium, the intensity of the reactions is decreased, presenting only a few points
of localized corrosion (Figure 5C). The similarity of Figures 5A and 5C indicates the efficiency of the
extract as a corrosion inhibitor for stainless steel in H,SO,.

ol

Figure 5. SEM images of AISI 304 stainless steel: (A) before immersion, (B) after immersion in
H,SO., and (C) after immersion in H,SO,4 containing 5 g L™ of AW acid extract (1500X
increase).

The SEM images are correlated with the gravimetric results, indicating that the acid extract acts
as a corrosion inhibitor for stainless steel in H,SO,.

Table 6 presents the chemical composition of the metallic samples obtained by EDS.

With the addition of 5 g L™ of the AW acid extract, there is an increase in the availability of the
constituent elements of the alloy (iron, chromium, and nickel). A layer of adsorbed molecules is
formed, protecting the metallic surface and making the corrosive process less severe [29].
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The lower quantities of iron, chromium, and nickel observed in the non-immersed samples are
related to the formation of a passive film of chromium and nickel oxides and hydroxides in the
stainless steel; this does not occur in the presence of the inhibitor [2].

Table 6. Chemical composition of the AISI 304 stainless steel samples obtained by EDS mapping.

% / m/m
Element AISI 304 AISI 304 stainless steel in ~ AISI 304 stainless steel in 1.5 mol L™
stainless steel 1.5 mol L™ H,S0, H,SO,+5 g L™ AW extract
C 1.98 3.33 1.32
O 18.0 14.7 14.6
Si 0.35 0.36 0.36
Cr 15.5 16.0 16.3
Mn 1.01 1.03 1.05
Fe 56.8 58.1 59.7
Ni 6.21 6.36 6.58

3.4. Electrochemical experiments

3.4.1. Open circuit potential

E/V vs. MSE

0 1000 2000 3000 4000 5000 6000 7000 8000

time/s

Figure 6. OCP plots of stainless steel samples in 1.5 mol L™ H,SOy, in the presence and absence of the
AW acid extract.
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The OCP plots presented in Figure 6 show that for stainless steel in H,SO, in the first 1000 s,
the surface is more active, with an abrupt potential shift to more negative values, and then stabilizes in
approximately -830 mV. This behavior indicates that there is an improvement in the oxide’s layer with
time.

With the addition of the AW acid extract, the behavior is quite the same, with the initial abrupt
shift in the negative direction, and then the stabilization of the OCP in more positive potentials as
compared to the blank. The addition of the AW acid extract improves the surface over time and acts as
a corrosion inhibitor [8].

3.4.2. Potentiodynamic polarization
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Figure 7. Polarization curves obtained for AISI 304 stainless steel in 1.5 mol L™ H,SO, in the
presence and absence of the AW acid extract with a 1 mV s™* scanning rate.

Figure 7 presents the polarization curves of AISI 304 stainless steel. The cathodic region
promoted the hydrogen evolution reaction and consequent removal of the oxide layer formed during
the OCP stabilization. At a potential of approximately — 880 mV/MSE, the anodic reactions occurred.
The oxide layer reacted, thus presenting two active regions. The first is related with the oxides, while
the second is related with the sensitization of the stainless steel [3]. Then, the current suddenly
decreased due to the formation of a thin insulating layer, likely composed of chromium and iron
sulphates. The current remained passive until the potential reached approximately 500 mV/MSE,
where the passive film broke and the anodic reactions of the metal occurred.

The addition of the AW extract promoted a shift in the initial potential to more positive values
and a decrease in the cathodic currents. The first active region was unchanged with the AW acid
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extract; however, the second active region presented lower current densities in the presence of the
inhibitor, showing that the extract inhibited the stainless steel sensitization process. The anodic
currents in the passivation region retained the same behavior with the addition of the AW extract.

The data shown in Table 7 show that the addition of the AW acid extract to the reaction
medium promoted a decrease in the corrosion current density (jcorr) and an increase in the polarization
resistance of stainless steel samples, suggesting that the corrosion process is inhibited by the addition
of the extract, as indicated in other studies [4,9,30]. There was a change of the cathodic coefficient (B¢)
with its increase in the presence of the AW acid extract. Besides, the anodic coefficient decreased very
little with the addition of the extract. This behavior suggests that the compounds of the AW acid
extract adsorbed onto the surface promote the inhibition by a blocking effect, which is a characteristic
of mixed-type inhibitors [30,31], likely changing the cathodic mechanism reaction on the uncovered
surface.

Table 7. Electrochemical parameters obtained by potentiodynamic polarization of AISI 304 stainless
steel in 1.5 mol L™ H,S0O, in the presence and absence of the AW acid extract.

blank 1gL* 2gL* 3gL* 4gL' 5gL?

OCP (mV) -830 -802 -788 -799 =797 -789
Ba (MV/dec) 65 33 43 41 42 51
- Bc (mV/dec) 123 160 171 165 159 175
Ecorr, catlc (MV) -787 -780 -783 -780 -792 -782
Ecorr, obs (MV) -807 -792 -791 -790 -792 -779
Jeorr (MA/CM?) 229.0 108.4 64.76 61.71 30.48 65.97
Corrosion rate (mm/year) 2.52 1.19 0.715 0.681 0.336 0.728
Rp (kQ) 85.43 118.1 247.0 244.3 505.1 276.3
l. E. (%) - 52.6 71.7 73.0 86.7 71.2

The study on the inhibition of the corrosion of steel reactions in 1 mol L™ HCI with 2 g L™ of
Salvia officinalis leaves presented an efficiency of 96%. The studied waste presented a maximum
inhibitory efficiency of 86.7% using the polarization data, indicating that natural compounds can be
used to substitute synthetic organic compounds, such as azoles [6]. The results obtained by
polarization experiments agreed with the gravimetric experiments.

3.4.3. Electrochemical impedance spectroscopy

Figures 8 and 9 present the Nyquist diagrams and Bode diagrams, respectively.
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Figure 8. (A) Nyquist diagrams of AISI 304 stainless steel obtained in 1.5 mol L™ H,S0, in the
presence and absence of the AW acid extract; (B) Extension of the 0 to 300 Q c¢cm? impedance
region.

Figure 8A-B illustrates two well-defined capacitive loops of stainless steel in H,SO4 in the
absence and presence of 1 g L™ and 2 g L™ of the AW acid extract. The first capacitive loop can, at
high frequencies, be attributed to the time constant of the charge transfer and the double layer
capacitance, while the second loop can be attributed to the relaxation of the adsorbed intermediates,
which could be [FeOH]ags, from the anodic iron dissolution, and [FeH].qs, from the hydrogen evolution
reaction, as reported in the literature [4,13,32].

It is important to note that in strong acidic solution and in the potential region near the OCP,
both anodic iron dissolution and hydrogen evolution occur simultaneously on the electrode surface
[32]. The extract molecules block the metallic surface, inducing the desorption of these intermediate
species and decreasing the second capacitive loop size with the inhibitor concentration. For higher
extract concentrations, the first capacitive loop increases 100 times while the second capacitive loop
disappears, being replaced by an inductive loop [7]. The observed change in the cathodic coefficient
(Bc) suggests that the intermediate species is [FeH]ags.

The intersection of the semicircle with the real axis at higher frequencies corresponds to the
value of the ohmic resistance (R;) of the solution. The value of the charge transfer resistance (R) was
obtained by the diameter of the first capacitive loop, and the double layer capacitance (Cq4) was
obtained from equation 12 [4,13]. The R value is a measurement of electron transfer across the
surface and is inversely proportional to the corrosion rate.

(12)

Co =
Eﬂfmﬂx REE

where fnax IS the frequency value when the imaginary impedance reaches its maximum. Table 8
summarizes the electrochemical parameters obtained by EIS.
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Table 8. Electrochemical parameters for stainless steel in 1.5 mol L™ H,SO, in the presence and
absence of the AW acid extract.

[AW] /g L™ Rs/ Q cm? Ret/ Q em? fax | HZ Cq / UF cm™ I.LE /%
0 5.17 165 3.98 242 -
1 4.68 375 3.16 134 56.0
2 4.23 376 3.16 133 56.1
3 4.32 1654 1.25 76.9 90.0
4 4.71 2356 1.58 42.7 92.9
5 5.08 2289 1.25 55.6 92.8
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Figure 9. Bode diagrams of AISI 304 stainless steel obtained in 1.5 mol L™ H,SO, in the presence and
absence of the AW acid extract.

It can be observed from Table 8 that with the addition of the AW acid extract, the Ry values had
the same behavior. However, the R values increased, indicating that the addition of the AW acid
extract promoted surface blocking, making the charge transfer difficult. The addition of the AW
extract also promoted the decrease of the double layer capacitance values. These values can be
attributed to the adsorption of the extract compounds onto the steel surface, promoting the inhibition of
the corrosion reactions. Similar behavior was obtained for carbon steel in HCI, as reported in the
literature [4,9,13].

When benzotriazole is used as an inhibitor in 2 mol L™ H,SO,, similar behavior is noted, as
demonstrated by Rodrigues [8]. Both benzotriazole and the addition of the AW acid extract increased
the stainless steel Ry; in other words, the waste can be used as a substitute for synthetic organic
compounds for corrosive control in stainless steel.
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Figure 9 indicates that the stainless steel samples immersed in 1.5 mol L™ H,SO, presented a
single time constant in the 10000-10 Hz region associated with the charge transfer process. This
behavior remains the same with the addition of the AW acid extract. Higher phase angles were
obtained for the samples containing the AW acid extract, suggesting that the oxide formed in these
conditions is more protective [33].

4. CONCLUSIONS

* The AW acid extract is an efficient inhibitor for AISI 304 stainless steel in H2SOA4.

* The gravimetric results indicate that increasing the concentration of the extract in the reaction
medium increases inhibitory efficiency. The temperature increase of the solution decreased inhibitory
efficiency, suggesting physical adsorption of the compounds at the metallic surface.

« The apparent activation energy of stainless steel in H,SO, increased with the addition of 1 g L™ and
2 g L™ AW acid extract, indicating that the extract acts through physical adsorption.

* Electrochemical measurements of the OCP showed that the addition of AW improves the stainless
steel surface. EIS measurements showed an increase in R¢ with the addition of AW and a desorption of
an intermediate species. PP measurements showed that AW is an efficient inhibitor, decreasing the
corrosion current densities. All electrochemical measurements indicated that the extract acts mainly as
a mixed-type inhibitor.

* The system obeys a Langmuir isotherm.
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