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Abstract: In the present work, the inhibitory effect of Ilex paraguariensis (Yerba Mate) extract on
the corrosion of aluminum in 0.1 M HCI solution, in the temperature range of 298-323 K, was
studied by using weight loss tests, potentiodynamic polarization measurements and electrochemical
impedance spectroscopy (EIS). The extract of Ilex paraguariensis exhibits improved inhibitory action
as its concentration increases while its performance is maintained despite an increase in temperature.
EIS theoretical data according to a suitable proposed equivalent circuit were successfully fitted
to the experimental data. The adsorption of organic compounds followed a modified Langmuir
isotherm behaviour. Derived thermodynamic parameters indicate the occurrence of both chemical
and physical adsorption.
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1. Introduction

Many industrial processes are closed and need to recirculate fluids. Thus, to reduce
costs and reduce the corrosion rate of the materials involved in the construction of industrial
plants, it is necessary to use corrosion inhibitors. These inhibitors can be either inorganic,
such as chromates, dichromates, and nitrites, or organic. Typical organic inhibitors contain
nitrogen, sulfur or oxygen in their molecular structure or as functional groups, or 7 electrons
in their double or triple conjugated bonds [1-3]. The mechanism by which these organic
inhibitors act is by adsorption on the surface of the metal. Adsorption can take place
through (1) electrostatic attraction of the charged metal and the charged molecule of the
inhibitor, (2) attraction of the vacant orbitals of the metal interacting with the free electrons
of the heteroatom (N, S or O), (3) interaction of the 7t electrons of the aromatic rings with
the metal, and, when possible, (4) a combination of the three mentioned processes. Since
many organic inhibitors are toxic and expensive, researchers are looking for products that
are more environmentally friendly, i.e., the so-called green corrosion inhibitors [4-10].

Molecules obtained from natural compounds, extracted for example from plant tissues,
are receiving definite preference as corrosion inhibitors, because they are easy to apply, safe,
biodegradable, inexpensive and easily extractable from renewable sources [11,12]. Thus,
different substances of natural origin have been evaluated as inhibitors of the corrosion
of different metals in acidic media. These include Rollinia occidentalis extracts for carbon
steel [13], Brassica campestris extract for steel [14], Musa paradisica skin extract for mild
steel [15], and Hena extract for iron [16]. Several substances have also been evaluated as
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inhibitors of the corrosion of aluminum in an acidic medium. These include: essential
oil of Eucalyptus camaldulensis and Myrtus Communis [17], Camellia sinensis extract [18],
Trigonellafoenum-graecum L Seeds extract [19], pectin from the peel of citrus fruits [20],
Artemisia Herba Alba essential oil [21], Dryopteris cochleata leaf extract [22], Shatavari (Aspara-
gus Racemosus) [23], Azwain seed extract [24], Ipomoea invulcrata extract [25], and Terminalia
ivorensis extract [26]. The abundance, renewal and biological elimination of these inhibitors
are key to their implementation [7,11-27].

Ilex paraguariensis is a tree species whose extracts have not yet been thoroughly ex-
plored as corrosion inhibitors. This tree grows in South America, occupying an area of
540,000 km? distributed in Argentina, Brazil and Paraguay [28]. Its leaves and branches are
processed to obtain three final products: elaborated yerba mate, tea bags and soluble mate,
but after its processing, a 3% is lost as unused waste, in the form of small pieces of sticks
and dust. This organic material can be reused advantageously as a raw material to obtain
organic inhibitors that additionally reduce environmental discharge. Before becoming a
soluble product, llex paraguariensis undergoes a process known as spray drying, in which a
liquid (a solution, emulsion or suspension) is atomized into a stream of hot gas (usually
air or an inert gas such as nitrogen) to convert it into a powder product. This guarantees
the microbiological stability of the product, and reduces the probability of chemical and
biochemical degradation, reducing the cost of storage and transport [29]. The two most
important compounds in aqueous extracts are polyphenols (42% chlorogenic acid) and
xanthines (caffeine 8%, theobromine 2% and theophylline 1%), followed by purine alka-
loids (4,5-dicaphoxyquinic acid 11%, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid),
flavonoids (quercetin, kaempferol, and rutin), amino acids, and, to a lesser extent, saponins,
minerals (P, Fe, and Ca), and vitamins (C, B1, and B2) [30,31] (Figure 1). Under spray-drying
conditions, the loss of polyphenolic compounds is negligible [29]. Based on the aspects
described above, the objective of this work is to study Ilex paraguariensis extract as a possible
green inhibitor of aluminum corrosion in HCl solution, elucidate the mechanisms of protec-
tion and the effects of temperature and concentration on its performance. Accordingly, the
inhibited surface is characterized by using weight loss tests, potentiodynamic polarization
measurements and electrochemical impedance spectroscopy (EIS).
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Figure 1. Some of the chemical structures of Ilex paraguariensis components.

2. Materials and Methods
2.1. Preparation of Aluminum Samples and Solutions

Aluminum, whose composition (%wt) was completed with Si (0.05%), Fe (0.06%),
and Zn (0.01%), was used as test material. Samples of 1 cm? were cut to assemble the
working electrodes to be used in electrochemical measurements, and samples of 5-6 cm?
were used for weight loss tests. The samples were ground with SiC paper with granu-
lometries of # 500, # 600, # 1000 and # 1200, washed and treated with water immersion
ultrasound and finally air dried. Solutions of HC1 0.1 M, of analytical grade Cicarelli, were
prepared without and with Ilex paraguariensis extract in concentrations of 0.064, 0.124 and
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0.248 g/L. The composition (% w/w) of the Ilex paraguariensis extract was mainly polyphe-
nols (chlorogenic acid 42%) and xanthines (caffeine 8%, theobromine 2% and theophylline
1%), 1.3% glucose, 7.4% sucrose, the rest by purine alkaloids (4,5-dicaphoxyquinic acid
11%, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid), flavonoids, amino acids, and, to a
lesser extent, saponins, minerals and vitamins.

2.2. Weight Loss Measurements

The aluminum samples were immersed in four closed cups containing a solution of
0.1 M HCJ, three with concentrations of 0.064, 0.124 and 0.248 g L~ of llex paraguariensis
and the fourth cup without llex paraguariensis. Experiments were performed at 298, 308,
315 and 323 K by immersing the beakers in a thermostatic bath. In all four cups, the
samples remained submerged for 48 h. After this period, the specimens were removed
from the thermostat, washed with distilled water, subjected to ultrasonic cleaning by using
a laboratory sonicator Arcano, and finally air-dried. Then, they were weighed, with an
analytical balance Mettler model H72, before and after the test, and the weight loss recorded.
The efficiency of Ilex paraguariensis as an inhibitor was calculated by Equation (1):
Ck— G
R R

Ck

No% = x 100 1)

where C% is the corrosion rate (g cm~2 h™1) of the aluminum in the absence of the inhibitor
and Ck is the corrosion rate (g cm~2 h™!) of the aluminum in the presence of the inhibitor.
Corrosion rate as per weight loss was calculated according to Equation (2)

AW

CR:S><t

2

where AW is the average weight loss, S the total area of the specimen, and t is the
immersion, time.

2.3. Electrochemical Measurements

A three-electrode cell with a saturated calomel electrode (SCE) as reference electrode,
a platinum counter electrode, and the aluminum working electrode was used for the
electrochemical measurements. All potentials mentioned in this work are expressed vs.
the SCE. Experiments were performed at 298, 308, 315 and 323 K, in the absence or in the
presence of Ilex paraguariensis at concentrations of 0.064, 0.124 and 0.248 g L~1. A Gamry
Reference 600® potentiostat was used.

2.3.1. Potentiodynamic Polarization (PP) Measurements

The potentiodynamic polarization curves were recorded after keeping the samples
for 30 min at the open circuit potential (Eop) that was required for them to reach a pseudo-
stationary state. Then, the electrode potential was varied linearly, at a sweep speed of
0.16 mV s~ !, from —500 mV with respect to the open circuit potential (Eop) to ca. +200 mV
(vs Egp).

Polarization data were treated by using the Gamry Echem data-analysis software
Analyst™. Thus, corrosion potentials (Ecorr), corrosion current densities (Icorr), anodic and
cathodic Tafel slopes (Ba, B¢), and polarization resistances (Rp) for each experiment were
determined. In turn, these data were used to determine the inhibition efficiency (n;%),
calculated from the values obtained for Io;r with Equation (3):

o — I

corr 5 Ccorr X 100 (3)

corr

N% =

corr 18 the corrosion current in the absence of the inhibitor and I, is the corre-
sponding corrosion current in the presence of the inhibitor.

where 1Y
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2.3.2. Electrochemical Impedance Spectroscopy

EIS measurements were carried out in the frequency range of 0.010 Hz-100 kHz, by
applying 10 mV (peak to peak) amplitude, alternating potential signals, after an initial
conditioning time of 30 min at the open circuit potential. The charge resistance (Rct) for
the corrosion reaction was derived from a data fitting procedure by using a theoretical
impedance function, as described below. Accordingly, the efficiency of Ilex paraguariensis as
an inhibitor was then determined through Equation (4):

i 0
nR% = % x 100 (4)

ct

where RY, is the charge transfer resistance in the absence of the inhibitor, and Rl is the
charge transfer resistance in the presence of the inhibitor.

2.4. Surface Analysis

Surface imaging was performed on samples that were immersed in 0.1 M HCl for 48 h
at a temperature of 308 K. One of the samples was in the absence of Ilex paraguariensis, and
the other in the presence of Ilex paraguariensis at a concentration of 0.248 g L~!. The analysis
was performed by metallographic optical microscopy with an Arcane® metallographic
microscope and by scanning electron microscopy (SEM) with a SUPRA 40, Carl Zeiss NTS.

3. Results and Discussion
3.1. Weight Loss Measurements

Table 1 shows the results of weight loss measurements for aluminum corrosion in
0.1 M HCI solution in the presence and in the absence of llex paraguariensis extract at
different concentrations and temperatures. The use of llex paraguariensis led to a decrease
in the corrosion rate (Cr). This decrease was larger as the amount of inhibitor in the
solution increased (Figure 2). This is expressed in terms of the inhibition efficiency (1w %)
shown in Table 1 and could be due to the adsorption of organic molecules from the extract
on the aluminum surface. Thus, an increase in the surface coverage is directly related
to a decrease in the extent of the corrosive attack. Previous reports have shown that
the adsorption of heterocyclic compounds occurs with aromatic rings mostly oriented
perpendicular to the metal surface at low concentration. On the other hand, at a high
inhibitor concentration, adsorbate molecules are reoriented according to a parallel mode,
covering a larger surface [32].
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Figure 2. Corrosion rate (Cg) of aluminum in 0.1 M HCl containing various concentrations of Ilex
paraguariensis extract (Cy,y,) at different temperatures.
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Table 1. Weight loss of aluminum in a 0.1 M HCI solution, at different temperatures and concentra-
tions of Ilex paraguariensis as an inhibitor, after 48 h immersion time.

Temperature Concentration Cr x 10°

(K) L) (gem-2h) Mw (%)
0 213 -
0.064 1.14 46
298 0.124 1.03 50
0.248 0.89 54
0 5.73 -
0.064 338 41
308 0.124 297 46
0.248 220 57
0 102 -
0.064 520 49
315 0.124 377 62
0.248 2.87 69
0 18.7 _
0.064 9.78 47
323 0.124 7.54 58
0.248 489 71

As the temperature increases, corrosion rates increase both in the blank solution and
in the solutions containing different concentrations of the inhibitor. Worthy of note, for
the largest tested inhibitor concentration, the protection efficiency also increases as the
temperature increases. llex paraguariensis exhibits better performance at high temperatures.

3.2. Effect of Temperature

The apparent activation energy for aluminum corrosion in acidic medium, in the
presence and in the absence of the inhibitor, was determined by the Arrhenius Equation (5):
—E
2303 kT T 1984 ©
where Cg is the corrosion rate, E; is the apparent activation energy, T is the absolute
temperature, R is the ideal gas constant (8.314 ] K~ mol 1), and A is the frequency factor.

Figure 3 shows log Cg vs. 1/T data, whose linear regression yields the corresponding
parameters, namely, slope, intercept and correlation coefficient for each straight line accord-
ing to the inhibitor concentration. Linear regression coefficients are close to 0.99, indicating
that aluminum corrosion in 0.1 M HCl solution can be elucidated with reasonable certainty
by using the kinetic model. The activation energy shown in Table 2 was derived from these
regression parameters.

log C; =

Table 2. Thermodynamic properties E,, AH} and AS} (see definitions in text) for aluminum in 0.1 M
HCl blank solution and in the blank solution with different concentrations of Ilex paraguariensis.

Cinn (L1 Ea (k] mol-1 K1) AH; (k] mol—1) ASZ (J mol-1K-1)
0 69.52 66.95 —115.18
0.064 67.88 65.30 —125.61
0.124 61.44 58.86 —148.01

0.248 53.30 50.72 —176.61
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Figure 3. Arrhenius plots for the corrosion rate of aluminum in a 0.1 M HCl solution, in the presence
and absence of Ilex paraguariensis extract.

E, values decrease with the concentration of Ilex paraguariensis, as can be observed from
the results in Table 1, while inhibition efficiency increased slightly or remained constant as
the temperature increased. These values are similar to those involving chemical reactions in
electrolyte solutions [33]. Souza et al. [34] found that, for carbon steel corrosion in 1 M HCJ,
both in the presence and in the absence of Ilex paraguariensis extracts, the E, value obtained
in the blank solution was 38.7 k] mol !, and in the presence of Ilex paraguariensis, the value
was 37.3 k] mol~!. These authors also found that the inhibition efficiency remained almost
constant at various temperatures, and concluded that this may result from chemisorption of
the inhibitor on the surface of the steel, product of the charge transfer between the inhibitor
molecules of llex paraguariensis present and the surface of the metal. The same fact has been
previously observed when caffeic acid acts as corrosion inhibitor for mild steel in 0.1 M
H,SOy4, since the activation energy values in the presence and in the absence of the inhibitor
ranged from 59.74 k] mol~! to 63.95 k] mol~!, respectively [35]. In general, it is accepted
that a decrease in the activation energy with an increase in the inhibitor concentration
points to a specific adsorption interaction or chemisorption processes [36]. This might also
result from the nature of the adsorption mode changing from physical adsorption at low
temperatures to chemisorption as the temperature increases. Noor et al. [37] suggested
that the increase in temperature may produce chemical changes in the inhibitor molecules,
increasing electron density in the molecule’s adsorption centers, that is related to improved
inhibition efficiency [38].

To calculate enthalpy change values (AH} ) and activation entropy change (AS}), we

used Equation (6):
CR [, ko AS; \] ([ AH;
log 3 = {k’g ht <2.303R>] <2.303RT ©)

where kj, is the Boltzmann constant and h is the Planck constant.

The resulting values for AH} and AS} are presented in Table 2. The positive value in
the enthalpic change for the activation complex in the transition state (AH}) reflects the
endothermic nature of the aluminum corrosion process. The corresponding entropic change
(AS}) values decreased with the increase in Ilex paraguariensis concentration, indicating
that the process becomes more orderly as the inhibitor covers the surface of the metal, in
addition to the fact that the adsorption mode is rather slow and the rate determining step
is one of adsorption rather than desorption.
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3.3. Potentiodynamic Polarization Measurement

The potentiodynamic polarization curves of aluminum in 0.1 M HCl solution recorded
in the presence and in the absence of Ilex paraguariensis as a corrosion inhibitor at different
temperatures are shown in Figure 4.
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Figure 4. Effect of Ilex paraguariensis concentration on the polarization curves of the aluminum
polarization in the blank solution and in inhibited solutions with different inhibitor concentrations at
298 K (a), 308 K (b), 315 K (c) and 323 K (d).

By using the Tafel extrapolation method, the following electrochemical parameters
were calculated: Ecorr, Icorr, and anodic (35) and cathodic () Tafel slopes. These are shown
in Table 3, where it can be observed that the corrosion current density decreased with
increasing concentration of Ilex paraguariensis, reaching a maximum inhibition efficiency
of 91%.

The Tafel slopes (32 and f.) did not vary significantly with the increase in Ilex
paraguariensis concentration (Table 3). Consequently, reaction mechanisms of anodic
and cathodic reactions were not altered by the presence of the inhibitor. The potentiody-
namic measurements showed that the presence of llex paraguariensis caused only negligible
changes in the Tafel slopes. However, it stands out that the values for the Tafel slopes
indicate that both anodic and cathodic reactions are activation-controlled, perhaps with the
single exception of the cathodic branch for 323 K. Moreover, no active—passive transition
is evident in the anodic branches of the polarization curves. It has been suggested that
cathodic Tafel slopes larger than 180 mV dec ! might indicate H, evolution occurring on a
surface layer covering the aluminum substrate and building a potential energy barrier for
the charge carriers.
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Table 3. Electrochemical parameters obtained from the Tafel curves for aluminum corrosion in
HC1 0.1 M in the presence and in the absence of Ilex paraguariensis at different concentrations and
working temperatures.

Temperature Cinh Ecorr Leorr Ba “Be )i
(K) (gLt (mV vs. SCE) (LA cm—2) (mV dec—1) (mV dec—1) (%)
0 —793.03 23.60 180 80 -
0.064 —756.28 9.42 100 120 60
298 0.124 —810.22 17.9 120 100 44
0.248 —754.99 7.12 120 80 70
0 —770.85 57.4 70 45 -
0.064 —788.33 411 110 75 28
308 0.124 —782.31 26.1 70 80 54
0.248 ~796.11 20.2 100 100 65
0 —75471 297 60 150 ]
0.064 —837.19 448 120 90 85
315 0.124 —846.81 36.9 120 70 88
0.248 ~791.08 28.2 120 120 91
0 —751.64 2320 90 400 ]
0.064 —757.60 1750 70 400 25
323 0.124 —759.04 1320 70 400 43
0.248 —763.83 680 70 400 71

Ecorr did not have a clear tendency to shift towards either more cathodic or more
anodic values, except for experiments at 323 K. Thus, we cannot say for certain whether Ilex
paraguariensis is a cathodic or an anodic inhibitor since the difference between Eqrr with and
without llex paraguariensis did not exceed £85 mV to define its nature [39]. This behavior
can be attributed to a decrease in the dissolution rate of the metal by adsorption of organic
compounds or protonated forms on the surface of the metal. Thus, llex paraguariensis can
be described as a mixed-type inhibitor.

As indicated above, only negligible changes in both anodic and cathodic Tafel slopes
were recorded according to changes in the inhibitor concentration. Thus, when the single
inhibition mechanism is due to a blocking effect of the electroactive area by adsorption
with a coverage of 0.5 on cathodic sites and equally 0.5 on anodic sites, then Eorr remains
invariant. This may be the case for condition T = 308 K (Figure 4b). However, E.,, shifts
in the positive direction when the fractional surface coverage of the anodic sites becomes
larger than the corresponding coverage of the cathodic sites as for T = 298 K (Figure 4a).
Finally, when the opposite is valid, namely larger coverage of the cathodic sites as compared
with the coverage of the anodic sites, then Ecor shifts in the negative direction, as in the
case for T = 315 K (Figure 4c). In this scenario, increasing temperatures could promote
coverage imbalance favoring the cathodic sites over the anodic sites. The case for T = 323 K
was not included in this analysis, since this represents a singularity, as discussed elsewhere
in the text.

According to Abd El Haleem et al. [40], when the aluminum is immersed in an
inhibitor-free 2 M HCl solution, during the first 10 min of immersion, the oxide barrier layer
results completely dissolved. This is due to formation of a soluble complex ion between
aluminum and chloride ions of the solution; see the reaction that follows [23]:

[AI(OH)]** + Cl~ < [AOH)CL]* or [AOH)]?* + 2C1~ <+ [AJOH)CIICL  (7)

The destruction of an outer layer, if present, may require longer times, which addi-
tionally depends on the inhibitor concentration. Thus, when corrosion potentials shift
towards the anodic direction with the addition of an inhibitor is because the destruction of
the oxide film is hindered and the capacity of film healing by the adsorbed species is higher.
However, Ecorr becomes more cathodic when the protection is not afforded [40]. It has
also been stated that the thickness of an external porous layer depends on the temperature.
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Moreover, there is an inhibitor concentration limiting value at which the rate of healing
of the protective oxide film begins to exceed that of the oxide dissolution, thanks to the
effective adsorption of the inhibitor.

3.4. Electrochemical Impedance Spectroscopic Measurements

EIS measurements are performed to investigate corrosion inhibition processes at the
metal/solution interface, which allows us to gain a deeper insight into the inhibition
mechanisms. Figure 5 shows impedance spectra recorded at 308 and 323 K and Ilex
paraguariensis concentrations. Impedance spectra in Figure S1 show equivalent results
recorded at 298 and 315 K.
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Figure 5. Nyquist and Bode representations of experimental data and fit results of electrode
impedance recorded for the system Al/0.1 M HCl in the absence and in the presence of different
concentrations of the inhibitor at 308 K (a,b), and 323 K (c,d).

Both Nyquist and Bode representations of impedance data clearly show relaxation of
three distinct interfacial processes that enable us to distinguish three corresponding time
constants. A capacitive loop in the high-frequency range is followed by an inductive arc
at intermediate frequencies and, finally, a capacitive contribution in the low-frequency
range [17,23,41]. These features were understood in terms of a model containing the non-
faradic impedance (due to the charging of the double-layer capacitor) in parallel connection
with the faradaic impedance related to the electrochemical reactions. In turn, the faradaic
impedance contains the charge—transfer resistance R that is a measure of the aluminum
dissolution process, and it was shown to be the element that most accurately correlates
with the corrosion rate [42,43]. The proposed theoretical impedance corresponds to the
impedance of the equivalent circuit in Figure 6, where R is given, to a first approximation,
by the length of the chord of the capacitive semicircular arc at high frequencies in a
Nyquist plot. Dynamic features of the interfacial electrode processes remain unchanged
for measurements performed both with and without Ilex paraguariensis inhibitor, thus
indicating that the same theoretical proposal is applicable in the presence and in the absence
of the inhibitor [33]. Capacitances in the system were considered as distributed impedance
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elements by using the constant-phase-element CPE definition in Equation (8) [44]. Inductive
loops in comparable corrosion studies are frequently reported in the literature [45] and are
typically correlated with the relaxation of adsorbed reaction intermediates. The capacitive
loop at low frequencies is considered in the model as resulting from an adsorption step of a
reactant species.

Figure 6. Equivalent circuit used for the impedance-fitting procedure.

The length of the chord of the capacitive loop at high frequencies in Nyquist plots
increases according to the Ilex paraguariensis content, indicating a stronger action of the
inhibitor as its concentration increases. As can be observed in Figure 5, EIS theoreti-
cal data from the proposed equivalent circuit (Figure 6) were successfully fitted to the
experimental data.

The equivalent circuit in Figure 6 contains the following elements: Rg is the solution re-
sistance, the constant phase element (CPE) Qq; represents a distributed impedance element
for the double layer capacitor, R is the charge-transfer resistance, R,4 is the adsorption
resistance and the constant phase element (CPE) Q,4 represents an adsorption pseudo-
capacitance. Ry, and L represent the Resistor and Inductor of the inductive impedance,
respectively. The best-fit values of the parameters from the equivalent circuit are shown in
Table 4.

Table 4. Estimates of impedance parameters resulting from a complex non-linear least-squares analy-
sis of the experimental impedance spectra and the corresponding inhibition efficiencies of aluminum
in 0.1 M HCl in the presence and in the absence of different concentrations of Ilex paraguariensis.

T Conc Qa Ry Qaa R, R
(K) (gL 1) Yo o (ohm cm?) Yo - (ohm cm?) (%)
(ohm—1 cm—2 s%) (ohm—1 cm—2 s%)
0 6.86 x 107° 0.90 212.22 1.45 x 1071 1.00 144.88 0.00
208 0.064 834 x 107° 0.86 376.01 1.62 x 1071 1.00 192.33 43.56
0.124 6.59 x 10~ 0.89 490.05 * * * 56.69
0.248 8.04 x 107° 0.89 528.13 * * * 59.81
0 7.73 x 107 0.91 105.00 1.57 x 1071 1.00 45.57 0.00
308 0.064 933 x 107> 0.90 141.05 1.74 x 1071 0.99 103.17 25.56
0.124 7.62 x 107° 0.91 152.15 1.79 x 1071 1.00 87.33 30.98
0.248 7.09 x 1075 0.90 223.25 1.69 x 107! 1.00 106.70 52.96
0 499 x 107° 0.93 86.15 0.82 x 1071 1.00 59.95 0.00
315 0.064 7.78 x 1075 0.90 86.49 1.83 x 1071 1.00 34.75 0.39
0.124 6.77 x 107° 0.89 167.62 1.38 x 1071 1.00 276.92 48.60
0.248 6.22 x 1075 0.91 187.00 1.29 x 1071 1.00 78.05 53.93
0 333 x 107° 0.91 106.24 0.58 x 101 1.00 57.16 0.00
33 0.064 445 x 107° 0.91 114.58 0.78 x 1071 1.00 57.58 7.27
0.124 493 x 107° 0.91 123.89 1.11 x 1071 1.00 49.96 14.25
0.248 400 x 107> 0.91 226.50 0.56 x 1071 1.00 203.12 53.09

The impedance Z of a CPE can be expressed mathematically, as in Equation (8):
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ZCpE = Yal (IW) X (8)

where Yy and « are Zcpg fit parameters, w is the angular frequency and i = /—1. Table 4
shows that the « values for the double layer capacitance exhibit a negligible decrease as
inhibitor concentration increases at room temperature but, at higher temperatures, remain
invariant [15,33,46]. For the pseudo-capacitance « values are essentially always equal to 1,
indicating a non-distributed capacitance. Moreover, Yy values resulting from the fitting
procedure for the double layer capacitance are in the order of magnitude expected for the
charging of a double-layer capacitor and those values for a pseudo-adsorption step are also
typical for a space-charge layer formed by charged adsorbate species.

Based on a comparison between 1 and the relative coverage (as determined from Cq),
inhibition can be associated with a geometric blocking effect [47]. For that purpose, the
double layer capacitance was calculated from Equation (9):

Ca = (27tfRet) ! 9)

where fy,, is the frequency at which the imaginary component of the interfacial impedance
Z"” exhibits a maximum in the high-frequency region related to the charge-transfer process.

Table 4 shows that, for each considered temperature, R¢t increased with the concen-
tration of Ilex paraguariensis, due to the adsorption of organic molecules on the aluminum
surface. Adsorption, in turn, blocks the transport of chemical species through the inter-
face, leading to the corrosion inhibition. Considering Equation (8), we observed that the
frequency fp, for the Z” maximum remained mostly unchanged, as expected for a time
constant Cq; X Rt independent of the electroactive area [40]. On the other hand, unex-
pected reductions in Cg4; values were explained in the literature as the decrease in the local
dielectric constant or the increase in the thickness of the electrical double layer. The former
case might suggest the substitution of HyO molecules (with a higher dielectric constant) by
inhibitor molecules (with a lower dielectric constant), leading to the formation of a thin
protective film on the electrode surface [48].

3.5. Adsorption Isotherm

It is widely accepted that the essential mechanism by which an organic corrosion
inhibitor acts on the metal surface is adsorption [49,50]. This phenomenon may be due
to the quasi-replacement of water molecules on the metal surface (HO(,45)) with organic
compounds from the solution (Orgsoy):

Org(sol) + X HZO(ads) : Org(ads) + X Hzo(sol) (10)

where x is the ratio of the number of water molecules replaced per inhibitor molecule.
Since more information on the interaction between the inhibitor molecules and the

metal surface can be obtained from the study of the adsorption isotherm, we tested the fit-

ting of various adsorption isotherms (such as Langmuir, Temkin and Frumkin) to the data:

i 1
Langmuir Isotherm : Cgm =X p + Cinh (11)
ads
Temkin Isotherm : log(c h) =log K 4o —gx0 (12)
m.
Frumkin Isotherm : log((l_g)cinh> =log K 4o +gx 0 (13)

where 6 is the surface coverage, K,4s is the adsorption equilibrium constant, Cyy, is the in-
hibitor concentration, and g is the adsorbate interaction parameter. If a Langmuir isotherm
fits to the data, it is assumed that there is no interaction between the molecules adsorbed on
the surface; if a Temkin isotherm fits to them, it is assumed that there is adsorption in mul-
tilayers; and if a Frumkin isotherm represents the suitable fitting function, it is considered
that there is some interaction between adsorbates. Through fitting to weight-loss results,
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Frumkin and Temkin isotherms were discarded because the obtained K45 decreased with
the increase in temperature, contrasting with the results indicating that, as the temperature
increases, increases the inhibitor efficiency.

For the Langmuir isotherm, we contemplated its correction because the slopes of the
straight lines obtained were either greater or smaller than 1 for all the temperatures. The
considerable deviation from unity may be due to the interactions between the species
adsorbed on the surface of the metal. Therefore, it is pertinent to say that adsorption may
be more appropriately represented by a modified Langmuir equation, namely, either the
isotherm of Villamil et al. [51] or that of El-Awady [52]:

Villamil Isotherm : @ _— +n X Ciup (14)
0 Kads
0 /
El — Awady Isotherm : log 1-0) " logK" +y x log Cinn (15)

where K’ is a constant related to the equilibrium constant of adsorption process (K,4s) as

Kogs = K'Y (16)

In the isotherm of Villamil, the value of “n” is a constant introduced to consider all
the factors, ignored the derivation of the isotherm of Langmuir. This occurs when the
slope in the Langmuir equation is not 1 and it must then be considered that there is an
interaction between the species adsorbed on the surface of the metal [26]. The constant
y in the El-Awady isotherm is the number of active sites on the surface of the material;
1/y <1 implies multi-layer adsorption, whereas 1/y > 1 suggests that a given inhibitory
molecule occupies more than one active site. Table 5 shows the parameters 1/y found
through the regression results for the inhibition efficiency calculated from weight loss
(WL), Ry (PP) and EIS measurements. Here, it can be observed that, for weight loss, the
values of the adsorption constant increase as the temperature increases, as indicated by the
increase in efficiency (Table 1), and values greater than one of 1/y indicate that adsorption
occurs on more than one active site. For the other two experimental methods (polarization
curves and EIS), the adsorption constant decreases and a multilayer adsorption begins to be
observed. It is necessary to remember that, according to our studies, weight loss required
48 h of exposure of the sample, while the other experiments were performed after 30 min
of conditioning of the metal in the corrosive medium. In agreement with Deng et al. [44],
we observed that the effectiveness of inhibition depends on the immersion time.

Table 5. Parameters estimates derived through regression according to the isotherm of El-Awady.

T (K) Kas Lg 1)  AG®,4s (k] mol—1) R? 1y

298 7.98 —22.25 0.99 422

308 6.74 —22.56 0.96 2.09

WL 315 15.65 —24.72 0.97 1.61
323 13.00 —24.24 0.99 1.33

298 9.45 —22.67 0.73 1.27

308 7.63 —22.88 0.94 0.87

PP 315 7.71 —23.43 0.77 0.19
323 6.12 —23.40 0.95 0.37

298 10.60 —22.95 0.89 1.86

308 5.45 —22.02 0.97 1.17

EIS 315 5.20 —22.40 0.77 0.24

323 4.11 —22.34 0.97 0.47
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The changes in the standard free energy of adsorption were calculated through
Equation (17):
Angs = *RTII‘I(CHZO X Kads) (17)

where R is the gas constant, T is the absolute temperature, and Cy,o is the concentration
of water (1000 g L~1) [33].

The sign of AG®,4s indicates that this is a spontaneous phenomenon and its value
gives an idea of the type of behavior. Generally, values greater than —20 k] mol~! are
associated with electrostatic interactions between the surface of the metal and organic
molecules, for example physical adsorption; values lower than —40 k] mol~! indicate
chemical adsorption; and values of about —22 k] mol~! would indicate a mixed process
involving both physical and chemical adsorption [48] or closer to physisorption [44].

To determine the change in the standard adsorption enthalpy AHY ;. and the standard
entropy change AS? ., we used Equation (18):

and from the values of AG),, vs. T, we obtained the corresponding values of AHY,
and AS}_ based on weight loss experiments, where the value of AHy,, results positive
(6.81 k] mol 1), thus indicating that it is an endothermic process. Therefore, the increase
in temperature favors the adsorption process. The value obtained for AS];  was positive
and equal to 97.3 ] mol ! K™, probably because during adsorption a quasi-substitution
between the organic compounds and the water molecules takes place on the surface of
the electrode. Then, the adsorption of organic molecules, which generates a decrease in
entropy, is accompanied by desorption of water molecules, which generates an increase
in entropy. Therefore, here, the entropy value is attributed to an increased entropy of
solvents [49], which may be the driving force for the adsorption of inhibitors on the
aluminum surface [50-53].

To distinguish between chemical and physical adsorption, we apply the Dubinin—
Radushkevich isotherm [54], through Equation (19):

In0 = In Oppax — ad> (19)

where 0nax is the maximum surface coverage and § is the Polanyi potential, which is given
by Equation (20)

5= RTln(l + ) (20)
Cinh

where R is the gas constant, T is the absolute temperature, and Cyy, is the concentration
of the inhibitor expressed in g L=!. A plot of In 0 vs. &2, yields parameter a, whose value
leads to the average adsorption energy, E;;, at the corresponding temperature.

This energy is required to transfer 1 mol of adsorbate from the bulk of the solution to
the surface of the adsorbent, and is defined as:

1
V2a

When E,, < 8 k] mol~! physical adsorption prevails, whereas if E,, > 8 k] mol !
chemical adsorption dominates [48]. The values of E,; obtained here were 10.10 kJ mol~!
at 298 K, 7.33 k] mol ! at 308 K and 315 K and 6.80 k] mol~! at 323 K. This suggests that,
as temperature increases, adsorption changes from chemical to physical, for weight loss
data (Figure 7). However, according to impedance results, we obtained values lower than
6.26 k] mol !, i.e., associated with physisorption for all temperatures.

En = (21)
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Figure 7. Adsorption energy vs. temperature of Ilex paraguariensis on aluminum.

In this work, the efficiency of Ilex paraguariensis as a corrosion inhibitor increased with
temperature. In principle, this might be related to a chemisorption process, but the obtained
free energy of adsorption may indicate the occurrence of physisorption. This discrepancy
could be attributed to the fact that the application of adsorption isotherms for the analysis
of inhibition phenomena and related data has many limitations. In addition, adsorption
may be highly selective about the electrode reaction and may depend on the potential,
while adsorbates compete with water molecules [55].

According to Souza et al. [34], the concentration of phenolic compounds in Ilex paraguar-
iensis is higher than that in coffee, for the same amount of sample weighed to obtain both
extracts, but the inhibition efficiency of Ilex paraguariensis is lower than that of coffee, so the
inhibition effect may not be essentially caused by phenolic compounds.

3.6. Surface Analysis

The micrographs in Figure 8 show the surface of the aluminum before and after
immersion in the corrosive solutions. Figure 8a shows the sample before immersion in
0.1 M HCI, where the surface exhibits some polishing grooves and scratches, whereas
Figure 8b shows the sample after 48 h of immersion in the blank solution at 308 K, where
the surface exhibits no inhibition and the presence of some degree of pitting. However, in
the sample exposed to the maximum tested concentration of Ilex paraguariensis, at 308 K
Figure 8c, the surface suffered less attack and there is no evidence of pitting, so it can be
acknowledged that adsorption can efficiently retard the corrosion of aluminum. The same
comparative morphological features between inhibited and blank conditions is observed in
the whole studied T range, for example, the micrographs obtained at T = 323 K, Figure 8d,e,
are additionally presented since they relate to a singular mechanistic condition.
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Figure 8. SEM images for (a) unexposed aluminum; (b) aluminum exposed to 0.1 M HCI without
inhibitor and (c) aluminum exposed to 0.1 M HCl containing 0.248 g L1 of Ilex paraguariensis, after
48 h of immersion at 308 K; (d) aluminum exposed to 0.1 M HCI without inhibitor and (e) aluminum
exposed to 0.1 M HCI containing 0.248 g L' of Ilex paraguariensis, after 48 h of immersion at 323 K.

4. Conclusions

1. llex paraguariensis is a good corrosion inhibitor for aluminum in 0.1 M HCI solution.
The inhibition efficiency increases with its concentration, and, after 48 h exposure to
the corrosive solution, efficiency increases with temperature. Maximum efficiency val-
ues (69 and 71%) were achieved at a concentration of 0.248 g L~ of Ilex paraguariensis
at 315 K and 323 K, respectively.

2. The adsorption of Ilex paraguariensis occurs in agreement with the isotherm of El-
Awady that considers the phenomenon of adsorption by active sites. The process of
adsorption is endothermic, and is accompanied by an increase in entropy.
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3. Anincrease in the concentration of Ilex paraguariensis improves its performance as
an inhibitor.

4. llex paraguariensis acts as a mixed-type inhibitor.

5. Complex EIS results were successfully understood in terms of a theoretical model of
the interface where adsorption by the inhibitor’s molecules hinders the progress of
the electrochemical reactions related to the corrosive attack.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13020434/s1, Figure S1. Nyquist and Bode representations
of experimental data and fit results of electrode impedance recorded for the system Al/0.1 M HCl in
the absence and in the presence of different concentrations of the inhibitor at 298 K (a) and (b), and
315K (c) and (d).
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