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Electrochemical and Economic Evaluation of the Cocoa Bean Shell as a Corrosion Inhibitor
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The inhibition effect of the cocoa bean shell powder (CBSP) on SAE 1008 carbon steel was studied
in acidic medium (HCI 0.5 mol L") by electrochemical techniques and gravimetric measurements.
Fourier Transform Infrared Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) were used
to the chemical and morphological characterization. The gravimetric and EIS results showed that the
corrosion rate decreases with increasing inhibitor concentration, reaching the maximum value of 97.92%
in 1.77 g L! inhibitor (highest concentration studied). Even at the lowest concentration (0.44 g L")
good corrosion inhibition efficiency (96.03%) was observed. The polarization curves indicated that
the CBSP acts as a mixed type inhibitor. The inhibitory molecules adsorption followed the Langmuir
isotherm model. The inhibitor economic evaluation showed that the use of CBSP is 48-616 times
cheaper than traditional inhibitors. The results showed that CBSP is an efficient corrosion inhibitor
for carbon steel and its production is financially attractive.
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1. Introduction

The corrosion inhibitors are frequently employed in
transports, storage, and manufacturing processes, as in the
oil and gas industry, during acid cleaning of heat exchangers
systems, and in the fuel storage tanks'*2. Usually, corrosion
inhibitors adsorb on the metallic surfaces, forming a protective
layer®. Therefore, the corrosion process can be reduced
by decreasing the anodic and cathodic activities, or both;
hindering the ionic mobility to the metallic surfaces, and
increasing the electrical resistance of the metallic surface.

Since most of the metals have low corrosion resistance
in acidic media, there is a constant search for corrosion
inhibitors in these conditions®*. Also, many studies employed
carbon steel as a substrate due to its low cost and excellent
mechanical properties in different areas of engineering. A lot
of synthetic inhibitors have good anti-corrosion properties,
but they are harmful and expensive®. On the other hand,
natural inhibitors can often compete with either the food* or
the pharmaceutical industry®’. Table 1 presents the main
commercial substances and their respective inhibition
efficiencies, for carbon steel in HCI solution at 25 °C7-1°,

Thus, in recent years, the study of corrosion inhibitors
from natural products, which are environmentally friendly

*e-mail: fernando@deq.ufmg.br

and have a low cost, has been growing in the form of extracts
from different parts of plants®. The inhibitory properties
associated with green inhibitors are related to the presence
of compounds such as flavonoids, carotenoids, alkaloids,
polyphenols, and other natural organic components that
have nitrogen, oxygen, and sulfur atoms in their molecular
structure'!.

In the literature, several studies reported the high
efficiency of green corrosion inhibitors in the protection of
carbon steel in acidic media, some examples include the use
of extracts obtained through industrial processing residues:
mango and orange peel'!, barley agro-industrial residues’,
cacao pod husk'>'* and peel garlic'®. Nevertheless, to the best
of our knowledge, no studies have been conducted on the
economic evaluation between the green corrosion inhibitors
and commercial substances.

Normally, natural inhibitors are obtained through natural
product extraction procedures’>. However, Santos et al.
(2017) reported a different way to obtain a natural inhibitor!®.
The methodology used by them relates to the use of the residue
in its powder form, in which only the cleaning, drying and
fragmentation of the natural product was carried out (the
dried material was milled and sieved to above 170 mesh).
Therefore, Santos et al. (2017) investigated the anticorrosive
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action of castor bark powder when applied to 1020 carbon
steel in 0.5 mol L' HCI solution. The maximum efficiency
achieved was 83%'".

In the southern region of Bahia-Brazil, where chocolate
is processed, a batch of waste by-products is produced during
the industrial chocolate processing. These residues include
the Theobroma cacao (cocoa) pod husk and the cocoa bean
shell (the peels that involve the cocoa beans). The cocoa pod
(also called cacao peel) is generated in a greater proportion,
resulting from the breaking of the fruits for the extraction
of the seeds''"'®. In processing the seeds are fermented
and dried and are then called cocoa beans. Commonly, the
cocoa shells are separated from the bean after the roasting
step (stage after fermentation) present in the chocolate
production process'®. This residue constitutes 10% -17%
of the total weight of the cocoa bean®'. Figure 1 shows these
cocoa residues.

Some studies have shown the use of the cocoa pod as a
corrosion inhibitor. Pedroza-Periiian et al. (2016) investigated
the inhibitory effect of ethanol extracts from cocoa pod on
A36 steel in HCI 1.0 mol L. In this study, 91.13% of the
corrosion inhibition efficiency of carbon steel was identified
through the extract obtained with 16.1% v/v ethanol. This
anticorrosive activity was justified by the presence of
phenols and tannins in the extract'>. Barreto et al. (2017)
also evaluated the ethanolic extract of the cocoa pod in
the corrosion of the 1020 carbon steel in 0.5 mol L' HCI
solution®. Through the gravimetric results, the maximum
inhibition efficiency reached was 93% at a concentration of
extract 1.112 mol L.

Table 1. Concentration and efficiency of commercial corrosion
inhibitors for carbon steel in HCl media.

Compound Concentjatlon Efficiency (%)
(gL?h
Pyrazolone 0.90 78.0
Benzethonium chloride 0.16 92.3
Benzotriazole 0.30 90.0
Benzothiazole 0.40 94.0
Dibenzylthiourea 0.05 90.0

Cocoa pod
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Given this context, a new source for corrosion inhibitor
can be found through the other cocoa residue, that is to say,
the cocoa bean shell. Electrochemical studies on this residue
in powder form have not yet been identified. Cocoa bean
shell is composed of pectin polysaccharides, hemicellulose,
cellulose, and Klason lignin which are a protein-Maillard-tannin
complex??. Furthermore, the amount and profile of phenolic
compounds present in this residue are very significant, so
this class of compounds may show antioxidant properties®.

Thus, in the present work, the potentiality of the cocoa
bean shell in its powder form as a corrosion inhibitor for
SAE 1008 carbon steel in acidic medium (HC1 0.5 mol L")
was evaluated using electrochemical techniques (polarization
curves, EIS, scanning vibrating electrode technique) and
weight loss measurements. The adsorption isotherms were
also studied to understand the type of interaction between
the molecules present in the inhibitor (adsorbate) and the
metallic substrate. Additionally, the economic comparison
between the studied corrosion inhibitor and commercial
inhibitors was realized.

2. Materials and Methods

2.1. Corrosion inhibitor synthesis

The cocoa shells were supplied by Fazenda Riachuelo
- Mendoa Chocolates (Rodovia Ilhéus-Uruguca (Bahia-
Brazil)). This material was treated in an oven (1000 W) at a
temperature of 70 °C for 6 hours. Afterward, the cocoa shells
were ground in a ball mill Marconi model MA 500 (50 W)
for 1 hour, containing 240 balls of ceramic material. Then,
the fragmented material was taken to a Tyler sieve system
(450 W) for 15 minutes, to obtain the powder with a particle
size greater than 170 mesh.

2.2. Steel samples preparation

The metallic material used was SAE 1008 carbon steel,
with the following composition (wt %): C: 0.03; Si: 0.01; Mn:
0.20; P:0.024; S: 0.013; A1: 0.031; Nb: 0.001; V: 0.001; Ti:
0.001; Cr: 0.01; Ni: 0.01; Sn: 0.001; N: 0.0028; B: 0.0027;
Sb: 0.001, and Fe: balance. For the tests carried out, the
samples of carbon steel were cut in dimensions of 20 mm x

After fermentation and drying

Cocoa bean

Cocoa bean shell

Figure 1. The fruit of cocoa and the cocoa shell. Adapted from Rojo-Poveda et al. (2020).
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20 mm x 1 mm, and their surfaces were mechanically treated
with 80, 120, 320, 400, 600, 1200, 2000, and 2500 grit emery
paper. Then, the samples were washed with distilled water
to remove residues from the emery paper and then washed
with ethanol, and acetone. Finally, the metal surface was
dried with a hot air stream.

2.3. Electrochemical tests

The electrochemical tests were carried out in a three-
electrode system in an electrochemical cell, where the SAE
1008 carbon steel was employed as the working electrode
(with an exposed area of 1.0 ¢m?), the Ag|AgCl|KClsat as
reference electrode and a titanium wire coated with rhodium
as the counter electrode. The electrolyte was a 0.5 mol L HCI
solution naturally aerated at 25 °C.

The electrochemical tests were carried out in a Metrohm
Autolab potentiostat/galvanostat; model PGSTAT302N with
NOVA 1.11 software. Microcal Origin 8.0 software was used
to process the data. Five different concentrations of cocoa
bean shell powder (CBSP) were added in the electrolyte in
this study: 0.44 g L7, 0.77 g L', 1.11 g L', 1.44 g L', and
1.77 g L. The volume of acid solution used in all tests
(electrochemical and gravimetric) was equal to 90 ml. As the
CBSP was not completely soluble in HCI, after adding the
inhibitor mass to the electrolyte, the solution was stirred for
15 minutes on a Fisatom magnetic stirrer. After stirring, the
samples were subjected to electrochemical tests.

Initially, the open circuit potential (OCP) measurements
were carried out for 90 minutes to stabilize the corrosion
potential. Then, electrochemical impedance spectroscopy
(EIS) measurements were performed, using a frequency
range of 100 kHz to 10 mHz with 10 points per decade and
amplitude of 10 mV (rms). For quantitative analyzes, EIS
data were fitted with Zview software.

Subsequently to the EIS measurements, the polarization
curves were performed. The anodic curves were performed
at potential values of -30 m} to +250 mV versus OCP, and
cathodic curves at potentials of -250 mV to +30 mV versus
OCP, both with a scanning rate of 0.5 mV s’

2.4. Scanning vibrating electrode technique
(SVET)

The equipment used was the Applicable Electronics,
controlled by software ASET-Science Wares. The distance
between the sample surface and the vibrating probe was 100 pm.
The SVET maps were obtained in 5, 30, and 90 minutes
after immersion of the carbon steel in the electrolyte (HCI
0.001 mol L"). These assays were conducted in the presence
and absence of the corrosion inhibitor.

2.5. Gravimetric tests

The carbon steel samples were sanded, washed, and dried
with hot air, as previously described. Then, the weights of the
steel plates were measured using an analytical balance with
a precision of 0.1 mg (of the brand Marte Cientifica model
AY220). Subsequently, they were immersed in the aqueous
solution of 0.5 mol L' HCI, in the absence and presence of
different inhibitor concentrations for 2 hours (in the first
15 minutes, the electrolyte-inhibitor mixture was stirred).
After the immersion time, the samples were washed and

cleaned with the aid of a brush. Then they were dried with hot
air to measure their weight loss values. The weight loss tests
were carried out according to the ASTM G1-03 standard®.

2.6. Chemical characterization of the inhibitor

For the characterization of functional groups present in
the CBSP, Fourier Transform Infrared Spectroscopy (FTIR)
were performed using a spectrophotometer from Thermo
Scientific Nicolet, model iS10 by ATR (Attenuated Total
Reflectance), in the range 0f 4000 to 650 c¢m', at a resolution
of 4 em™ and 64 accumulated spectra.

2.7. Scanning electron microscopy (SEM)

To analyze the surface morphology of carbon steel, in
the presence and absence of inhibitor, the Scanning Electron
Microscopy was used. SEM images were obtained by Quanta
250F microscope after weight loss measurements.

2.8. Economic evaluation

The direct cost of production on a laboratory scale, of
1000 g of the studied corrosion inhibitor was evaluated.
Thus, it was considered the transport costs of the residue
removal at the cocoa factory and the energy costs of the
process - milling, drying, and sieving. The cost per kilowatt-
hour considered was $ 0.12.

As the production costs of commercial inhibitors were not
available, the average commercial value of these compounds
was obtained from three suppliers. Table 2 shows these
values. Besides, the objective of this work is to motivate the
readjustment of an active industry of corrosion inhibitors.
Thus, the necessary costs to start a new corrosion inhibitor
factory were not evaluated.

3. Results and Discussion

3.1. Chemical characterization of the inhibitor

The chemical characterization was analyzed by Fourier
Transform Infrared Spectroscopy (FTIR). Figure 2 and
Table 3 present the bands and functional groups identified
in this inhibitor.

The spectrum of Figure 2 shows an absorption band at
3270 em!, which can be attributed to the axial deformation
of O-H or the N-H group. The OH group can be associated
with the phenolic compounds and fatty acids present in
the cocoa shell**. The N-H bonds can be derived from the
theobromine and caffeine of the cacao residue®.

The absorption band at 1734 ¢cm™! can be attributed to
the C=0 bonds present in the aromatic rings of lignin and
the saturated fatty acids present in the CBSP. The presence
of bands in the regions at 1033 ¢m™ and 1176 c¢m™, can be
attributed to the C-O or C-N group??.

Table 2. The average price of commercial corrosion inhibitors.

Compound Average price (USD kg”)
Pyrazolone 150 + 34
Benzethonium chloride 333 +44
Benzotriazole 195 +£46
Benzothiazole 192 + 44
Dibenzylthiourea 1930 + 150




The band at 1610 c¢m! can be attributed to the stretching
ofthe C=C bonds, associated with the presence of lignin and
also aromatic compounds from flavonoids of the CBSP %6,
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Thus, functional groups with oxygen, nitrogen, and
double bonds (C-O, O-H, N-H, C-N, C=0, and C=C) were
observed in the spectrum of cocoa shell powder. According
to Rocha et al. (2014), the presence of organic compounds

containing nitrogen, oxygen, sulfur, and double or triple
100 4 bonds facilitates their adsorption on metal surfaces and thus
blocking their active areas'!.
g soul 3.2. Electrochemical impedance spectroscopy
: | (EIS)
b= B 2 The electrochemical impedance tests were performed
g 804 - - - after 90 minutes of Open Circuit Potential (OCP) monitoring.
s é = Figure 3 shows the monitoring of the during this period.
&= h Figure 3 shows that the time of 5400 seconds was
70+ sufficient for the stabilization of the OCP in the corrosion
potential, demonstrating the equilibrium of the reactions at
U e e the electrode/solution interface. After obtaining the steady
400033003000 2500 2000 . 19001000500 gat6 OCP, impedance measurements were performed.
Wavenumber (cm™) Figure 4 shows the Nyquist and Bode diagrams obtained for
. | S
Figure 2. FTIR spectrum of the cocoa bean shell powder. SAE 1008 carbon steel in .0‘5 mol .L .HCI solutions H,l the
absence and presence of different inhibitor concentrations.
The Nyquist plot (Figure 4 (a)) for the blank sample
-0.35 E——— presents only one depressed capacitive loop, showing that
044gL" the corrosion kinetics is controlled by the charger transfer
-0.36 077gL" resistance. In the corrosion inhibitor presence, the shape
of the plots remains the same, which demonstrates that the
0374 electrochemical behavior is not affected by the presence of
; the inhibitor. Nevertheless, an increase in the diameter of
£ 0384 the semicircles occurs for increasing inhibitor concentration,
§ denoting the reduction of the corrosion rate.
e 039 Similarly to Nyquist diagrams, Bode diagrams
’ (Figure 4 (b) and (c)) do not show any change in the shape of
the plots, which demonstrates that the corrosion mechanism
-0:407 remains the same”’. Furthermore, there is only a single and
-0.41 4
/ Table 3. FTIR functional groups identified in the inhibitor spectra?>?4#!
-0.42 - Bands Wavenumber (cm™) Functional Group attribution
: : : : : : 3600 — 3200 O-H
0 1000 2000 3000 4000 5000 6000 3500 — 3100 N-H
Time (s) 3000 — 2850 C-H alkanes (stretching)
Figure 3. OCP plots for carbon steel in the absence and presence of 2900 — 2800 C-H (aldehyde)
different concentrations of the cocoa bean shell powder.
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Figure 4. Nyquist (a) and Bode plots, for phase angle (b) and the logarithm of the impedance modulus (c) for carbon steel in the absence
and presence of different concentrations of the cocoa bean shell powder in the 0.5 mol L' HCI solution.
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narrow peak in the phase angle plots in Figure 4 (b), indicating
that there is a single time constant related to the electrical
double layer formation at the metal-solution interface®.

The electrochemical impedance diagrams obtained
were analyzed through another approach, which correlates
the impedance data with an electrical equivalent circuit,
represented in Figure 5. Using the Z-View software, the
experimental data were fitted to the equivalent circuit model,
which represents a parallel combination of the charge transfer
resistance (R ) and the electrical double layer capacitance
considering the introduction of the constant phase element
(CPE,), both in series with the resistance of the solution
(R). This equivalent circuit is in agreement with what is
found in the literature '»1627-30,

The corrosion inhibitor efficiency (n ), as presented
in Equation 1, can be calculated using the charge transfer
resistance®.

Rct - Rct,O

100 (1)
Rct

TwL =
Where R_, is the charge transfer resistance in the absence
of inhibitor and R represents the charge transfer resistance
in the presence of the inhibitor?.

A constant phase element is introduced into the circuit
instead of a pure capacitor to represent the electrical double
layer, to compensate for the inhomogeneous surface and
deviations from the ideal behavior, providing greater precision

to the data fit. The impedance of a CPE (Z_,,) is expressed
mathematically according to Equation 223,

Zepe =Yy (jo) 2)

Where Y, is the CPE value, o is the angular frequency,
J*1is -1, and a is the dispersion factor, it is related to the
phase angle of the CPE and according to the ideality of
the system, which is between 0 and 1. When this value is
equal to 1, it is a pure capacitor and the behavior is of an
ideal electrode?>!. The data obtained through the fitting of
EIS data to the equivalent circuit model are presented in

Rs CPEdI
AN —

Rct

Figure 5. Electrical equivalent circuit used to fit the EIS data.

Table 4. The quality of the fitted data was expressed by the
values of y? (chi-square).

The values of y* obtained are lower than 1.00 10 (1.25 10 to
3.01 10*), which is indicative of a good fit for the proposed
circuit model’!. The values for the dispersion factor vary
from 0.87 to 0.88, with no significant differences occurring
in the absence or presence of different concentrations of
the inhibitor. Thus, these values are around 0.9, which
demonstrates proximity to pure capacitor behavior!e.

Table 4 shows that the CPE  values decreased. Yetri et al.
(2018) observed a behavior similar to this when they evaluated
the anticorrosive activity of a cocoa residue. They studied
the cacao peel extract and suggested that the decrease of
capacitance with the increase of extract concentration was
related to the reduction in the local dielectric constant and/or
the increase in the thickness of the double layer formed due
to adsorption of molecules on the metal surface'*. Thus, it is
suggested that similar behavior occurs when the antioxidant
molecules present in the CBSP are adsorbed on the surface
of the carbon steel'>™.

Table 4 also shows that increasing inhibitor concentration
increases R values. This behavior is due to the increase in
the surface coverage caused by the inhibitory molecules,
indicating that the exposed area to the corrosive medium
has decreased’. The highest R  value was verified for the
highest concentration of inhibitor employed, whose value
is 1.77 g L. For this same concentration, it was also found
to be the highest efficiency value in the corrosion inhibition.
Besides, for lower concentrations of the inhibitor, the inhibition
efficiency is higher than 70%, which is considered by the
classic literature® as the minimum efficiency value for an
effective inhibition against corrosion. When compared to
commercial inhibitors (Table 2), the studied inhibitor needs
a higher concentration to achieve the same efficiency.

3.3. Potentiodynamic polarization curves

The potentiodynamic polarization curves were obtained
after the EIS experiments. Thus, these curves were obtained
after 105 minutes of immersion in the electrolyte. The Tafel
plot is presented in Figure 6.

Using the Tafel extrapolation method, the parameters
shown in Table 5 were obtained: corrosion potential (E_ ),
corrosion current density (I ) and the anodic (b)) and
cathodic (b,) Tafel constants. From the I values obtained,
the corrosion inhibition efficiency (IE, ) was calculated,
according to the Equation 3%3:

Table 4. Electrochemical parameters obtained through the system electrical equivalent circuit in 0.5 mol L' HCL

Inhibitor o
Comeonraion R@em) K@M i ‘ A

Blank 6.09 11.6 4.79x10* 0.88 1.25x10* -
0.44 6.36 293.0 5.72x10%° 0.87 1.76x10* 96.03
0.77 5.95 356.9 5.22x10° 0.87 3.01x10* 96.74
1.11 6.14 454.4 5.44x10° 0.87 1.84x10* 97.44
1.44 6.14 485.6 5.06x10° 0.87 1.65x10* 97.60
1.77 6.20 559.4 5.04x10° 0.87 2.42x10* 97.92
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10 -1,
IEgcorr (%) = =559 100 3)

I corr

Where: I°__is the corrosion current density without inhibitor
and I 1is the corrosion current density in the presence of
the inhibitor?*-3°.

Figure 6 shows that current densities - anodic and cathodic
- decreased in the presence of the inhibitor. Table 5 shows
that, in the presence of the CBSP, the corrosion potentials
were slightly shifted to more positive values when compared
to blank. But those values did not change significantly with
respect to the inhibitor concentrations, therefore, the CBSP
can be classified as mixed type inhibitor?*-?°. Other natural
corrosion inhibitors reported in the literature have also been
considered within this classification!:141627-31,

There was a reduction in the anodic and cathodic Tafel
constants, thus, this behavior suggests that the adsorbed
species of the CBSP altered both the mechanism of the metal
dissolution reaction (anodic) and the hydrogen evolution
reaction (cathodic)**3!,

The IE data increased with increasing CBSP
concentration, demonstrating that the adsorption of inhibitory
molecules on the metallic substrate can minimize the transfer
of electrons at the metal-solution interface, decreasing the
corrosive process'. The corrosion inhibition efficiency
values calculated through the polarization curves corroborate
the efficiency data obtained by the EIS technique. Despite

Materials Research

coming from different techniques, the differences between
the efficiency values of both techniques were less than 3%.

3.4. Scanning vibrating electrode technique
(SVET)

The SVET technique helped verify areas of occurrence of
corrosion, evidencing the anodic and cathodic zones, both in
the absence of inhibitor and in the presence of 1.77 g L' of the
cocoa bean shell powder. This concentration of inhibitor was
chosen because it results in the highest inhibition efficiency
from other electrochemical techniques.

Figure 7 shows the ionic currents maps of the carbon
steel surface immersed in 0.001 mol L' HCI solution
without inhibitor. By these maps, the aggressiveness of the
medium is evident, due to the several regions with anodic
ionic currents (the region in yellow and red colors) with
high intensity, resulting from the oxidation process of the
iron present in the steel, and also extensive regions where
densities of cathodic ionic currents (blue color region) were
detected, resulting from the hydrogen reduction process™.

The tendency to a localized corrosive attack on the
sample can be noted by the concentration of intense anodic
ionic currents in small area locations on the exposed surface.
In contrast, the cathodic ionic currents have lower-intensity but
are present in a larger area of the sample. As the immersion
time increases, the anodic and cathodic regions become well
defined and more intense.

In the presence of the inhibitor, in the first minutes of
immersion, there is a low intensity of the anodic currents,
which can be verified by the ionic current densities in Figure 8.
Using 1.77 g L' of CBSP, there is a notable decrease in the

4] 7B anodic ionic currents. Thus, through the SVET maps, the
- 044gL’ performance of cocoa bean shell powder as a corrosion
2_0_2 i 0-77QL': inhibitor for SAE 1008 carbon steel in acidic medium was
Q 11gL’ verified, which corroborates the results obtained by other
E-o.a | raag” electrochemical techniques.

%)n v o 117g !

< 0s O 3.5. Gravimetric tests

ff Corrosion rate (C,), corrosion current density (i),
=054 degree of surface coverage (0), and inhibition efficiency (1)
E were obtained through the gravimetric tests.

064 The corrosion rate can be calculated by the weight loss in

grams (AW), the total exposed area to the electrolytic solution

07 . . . . . (s), and the immersion time (¢), according to Equation 43':

1E-7 1E-6 1E-5 1E-4 0.001 0.01
1/4 cem™ Cr = % )

Figure 6. Tafel plot for SAE 1008 carbon steel in 0.5 mol L' HC]
solution in the absence and presence of different concentrations of
cocoa bean shell powder.

The inhibition efficiency (1), in percentage (%), was
calculated according to Equation 5. From this parameter,

Table 5. Polarization parameters for carbon steel in 0.5 mol L' HCI solution in the absence and presence of different concentrations of
cocoa bean shell powder.

Inhibitor concentration (g L) E . (mV) I..(hAcm?) b, (mV dec”) -b, (mV dec”) IE . (%)
Blank - 389 1989 166 258 -
0.44 -374 103 75 138 94.83
0.77 - 376 61 73 127 96.92
1.11 - 380 52 75 129 97.39
1.44 - 387 39 74 122 98.03
1.77 - 383 35 72 118 98.22




Electrochemical and Economic Evaluation of the Cocoa Bean Shell as a Corrosion Inhibitor in Acidic Medium

SLeis°588888

Figure 7. SVET ionic currents maps obtained for SAE 1008 carbon steel after 5, 30 and 90 minutes of immersion in 0.001 mol L' HC1
solution.

- o Em
s hkisus°s588ssg pAlcm

Figure 8. SVET ionic current maps obtained for SAE 1008 carbon steel after 5, 30 and 90 minutes of immersion in 0.001 0.5 mol L' HC1
solution in the presence of 1.77 g L' inhibitor.
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the degree of coverage of the metal surface (0 =1/ 100) is
also calculated®'.

= Clg;ochoo (5)
CR
Where C,’ is the corrosion rate in the absence of the inhibitor
and C, is the corrosion rate in the presence of the inhibitor®'.
Corrosion current density (i, ) was also calculated by
Equation 6":

96,500
Eeqmetal

(6)

icorr =CR

Where 96,500 C mol! represents the value of the Faraday
constant and E el is the equivalent-gram of the metal used.
In this study, the electrode is carbon steel, whose Eeqme(al value
was 27.93 g, corresponding to pure iron'>".

Table 6 shows that by increasing the concentration of
cocoa bean shell powder, corrosion rates and current densities
decreased, while corrosion inhibition efficiency increased.
Furthermore, the degree of surface coverage increased,
indicating that the extent of adsorption on the steel surface
increases with the increasing inhibitor concentration®'.

Even at the lowest evaluated concentration (0.44 g L),
the value of 0 is close to unit (6 = 0.93), suggesting that
there is practically a total coverage of the steel surface with
the adsorbed inhibitor molecules, thus forming a barrier
that protects the metal surface?. This behavior reflects the
inhibitory effect of the cocoa residue on the corrosion of
carbon steel in acidic medium, which corroborates the Tafel
extrapolation and EIS results obtained.

Even at the 0.5 mol L' HCI concentration, the acidic
medium is very aggressive for SAE 1008 carbon steel, which
is a low carbon steel and it has low corrosion resistance. Thus,
with the present research, the CBSP proved to be an efficient
inhibitor. Thus, this study contributes positively to the search
for new green corrosion inhibitors, with possible applications
in cooling-water systems and in oil extraction pipelines.

Table 6. Results from gravimetric tests in 0.5 mol L' HCI solution.
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3.6. Adsorption isotherm

The values of the degree of coverage of the metal surface
(8) and inhibitor concentration (C) were fitted in different
models of adsorption isotherms; to clarify the interactions
between the adsorbate and the substrate. The models tested
were: Langmuir, Freundlich, Temkin, Frumkin, and El-Awady,
according to the following equations'*5-7;
1

C
Langmuir isotherm:—=— +C 7
g K @)

Freundlich isotherm :log6 = log Kyp+ 1/nlog C (8)

Temkin isotherm : 9:[—¥]logK+[—$]logC 9)
a a

Frumkin isotherm :10g(9/(1—0).C)=10gK+g9 (10)

El - Awady isotherm :log (%) =logK+ylogC (11)

Where: K is the adsorption constant, n is an adsorption
heterogeneity parameter, K, is the Freundlich constant, a
is the lateral interaction parameter among the adsorbed
molecules, g is the interaction parameter of the adsorbate
and y represents the number of molecules of the inhibitor
that occupy a given active site'*3,

The adsorption parameters obtained for each isotherm
and the correlation coefficients (R?) of the equations of a
straight line are shown in Table 7.

The Freundlich isotherm assumes that the slope of the
equation is a heterogeneity parameter (1/n), so the smaller
it is 1/n, the greater the heterogeneity of the system. For the
experimental data evaluated, the slope is equal to 0.0334,
as shown in Table 7. This suggests a great heterogeneity in
the studied system®.

The Temkin isotherm considers that the heat of adsorption
of the molecules decreases linearly with the degree of coverage
of the metal surface due to interactions between the adsorbed
species. Thus, when the side interaction parameter for the

Inhibitor concentration (g L) C, (gem?h?) i (Acm?) (€] 1 (%)
Blank 2.24x1073 2.15x107 - -

0.44 1.55x10* 1.49x10* 0.930 93.05

0.77 1.14x10* 1.10x10* 0.949 94.92

1.11 1.05x10* 1.01x10* 0.953 95.31

1.44 6.73x107° 6.46x107° 0.969 96.99

1.77 5.95x10° 5.71x107 0.973 97.34

Table 7. Parameters obtained for different adsorption isotherms.

Adsorption Isotherms R? Equations of a straight line
Langmuir (C/0 versus C) 0.9999 y=0.0329 + 1.0104x
Freundlich (log 6 versus log C) 0.9637 y=-0.0198 +0.0324x
Temkin (0 versus log C) 0.9626 y =0.9555+0.0710x
Frumkin (log (6/(1-0)/C) versus 0) 0.4760 y =4.5104 —3.2989x
El-Awady (log(6/1- 0)) versus log C) 0.7981 y=1.0064x +1.4112




Electrochemical and Economic Evaluation of the Cocoa Bean Shell as a Corrosion Inhibitor in Acidic Medium 9

adsorbed molecules is negative (a <0), it is considered that
there is repulsion between them'3, Thus, as the value of
a is negative, there is a repulsive interaction between the
molecules of the of the cocoa bean shell powder on the
surface of the carbon steel.

Frumkin’s isotherm admits that the molecules interact with
each other*®. For this isotherm model, the worst correlation
of the experimental data was obtained, as the correlation
coefficient is not in the range between 0.60 and 0.99,
therefore, this fit is considered unsatisfactory®’. In contrast,
the best fit and greater linearity of the data were presented
for Langmuir isotherm, whose coefficient of correlation was
equal to 0.9999. This can best be seen through the linear
plot shown in Figure 9.

The Langmuir isotherm is based on the occurrence of
inhibitor monolayer coverage on the steel surface, that is,
each site adsorbs only one inhibitor molecule®*¥. Through
Table 7, it is noted that the slope is very close to one unit
(1.0104), reinforcing compliance with this isotherm model.

This information can be reaffirmed through El-Awady’s
kinetic-thermodynamic adsorption model, since the slope
of this equation of a straight line also represents a close
proximity to a unit (1.0064). According to El-Awady et al.
(1992) the slope for this model represents the number of
inhibitory molecules that occupy an active site on the metal
surface®. Thus, this parameter confirms that an active site is
occupied by approximately only one molecule that inhibits the
cocoa bean shell powder, corroborating the result observed
in the Langmuir isotherm. Most of the studies reported in
the literature on green corrosion inhibitors in acidic media
reported that the Langmuir adsorption model was adequate
to describe the adsorption process!!!416:2831,

From the equation of straight line for this better fit of
the experimental data, using the graph C/0 as a function of
C, we find the linear coefficient equal to 1/K. Through this
adsorption constant, it is possible to calculate the Gibbs free
energy of adsorption (AG® ), according to Equation 123

ads

AG® 45 =—RT In(Cpyp0K) (12)
Where T is the absolute temperature (whose value in this
present study is 298 K), R is the universal gas constant
(8.3147 J mol' K), C,,,, is the water concentration and its
value is 55.5 mol L' (1000 g L)

The Gibbs adsorption free energy calculated for the
present study is -25.58 kJ mol"'. The negative signal indicates
that the adsorption process of the inhibitor molecules on the
metal surface occurs spontaneously. Besides the spontaneity,
through this parameter, one can also evaluate if the phenomenon
of physisorption or chemisorption occurs. Thus, when the
values of AG® , are about -40 kJ mol, they suggest the
occurrence of the phenomenon of chemisorption, on the other
hand, when the values of AG® , are around -20 kJ mol or
less negative, the phenomenon of physisorption occurs?-3°.

Thus, the inhibitory molecules present in the cocoa shell
powder (that come from compounds that have functional
groups with oxygen, nitrogen and double bonds) were
physically adsorbed onto the carbon steel surface, which
indicates that the adsorption forces involved are relatively
weak and occurs through electrostatic interaction between the

inhibitor ions and the electrically charged metal surface’3¢.
Through this interaction, the inhibitor forms a thin layer
on the metal surface, helping to control the corrosion rate,
promoting the separation between the steel and electrolyte'.

3.7. SEM Characterization

Figure 10 shows the surface of the sanded carbon steel
before immersion in the acidic medium, exhibiting the
scratches produced by the grinding process. Figure 11 (a)
shows the surface aspect of the steel after immersion in the
electrolyte in the absence of the inhibitor. In this condition
a rugged and drastically damaged surface is observed,
demonstrating the attack on the substrate caused by the
aggressiveness of the acidic medium, which caused uniform
corrosion on carbon steel*3%3.

Figure 11 (b) shows the morphology of the metal
surface, after immersion in the electrolyte, in the presence
of 1.77 g L' of the inhibitor. Note some lines from the
grinding and a surface less attacked than the one shown
in Figure 11 (a). This improvement in the morphology of
the metallic surface indicates the formation of an efficient
protective film by adsorption of the molecules present in
the cocoa bean shell powder!>16.

2.00
Clo=1/K+C
150 1 y = 0.0329 + 1.0104x
o R>=10.9999
~N
£51.00 -
S
0.50 -
0.00 T . .
0.00 0.50 1.00 1.50 2.00
C@ELh

Figure 9. Langmuir adsorption isotherm for SAE 1008 carbon
steel for different concentrations of cocoa bean shell powder in
0.5 mol L HCL.

Figure 10. SEM Micrograph of the SAE 1008 carbon steel before
immersion in the electrolyte.
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3.8. Effect of immersion time on corrosion
inhibition efficiency

To evaluate the behavior of the CBSP in relation to
the time of immersion in the acidic media, EIS tests were
performed in the absence and presence of inhibitor at different
immersion times (2, 6, 12, 24, 48, and 72 /). The inhibitor
concentration of used for these tests was 1.77 g L/, because in
the other tests performed, this concentration demonstrated the
best performance in terms of corrosion inhibition efficiency.
Figure 12 shows the Nyquist and Bode plots in the different
immersion times studied.

Figure 12 shows that in the initial evaluated times there
is no significant difference in the values of phase angle (b)
and logarithm of the impedance modulus (c). In 12 hours
of immersion there is a slight increase in the diameter of
the capacitive semicircle (a) and in the values of phase
angle (b) and impedance module (c). This suggests that in
the first 12 hours the corrosion process was stable, thus,
the inhibitor molecules continuously formed a protective
barrier at the metal-solution interface. Thus, the active sites

Materials Research

on the surface of carbon steel during the first 12 hours were
almost completely occupied by the inhibitor, minimizing
the corrosive process®.

After 24 hours of immersion there is a slight decrease in
resistance to corrosion. This behavior is even more evident
when looking at Figure 13, which shows the efficiency values
in relation to the immersion time.

Through Figure 12 and Figure 13, it is observed that in
48 and 72 hours the decrease is more accentuated, which
can be attributed to the gradual process of desorption and
also the degradation of the inhibitor molecules*. Thus, there
was an increase in the area exposed to the acidic media,
maximizing corrosion in unprotected sites®.

Yetri et al. (2018) also evaluated a cocoa residue,
specifically the cacao peel extract, and they observed a
reduction in inhibition efficiency with increasing immersion
time. These authors identified the biggest efficiency with
2.5% extract during 48 hours of immersion in HCI 1.5 M.
They suggested that after this period the inhibitor molecules
desorption occurred'.

Figure 11. SEM micrographs of SAE 1008 carbon steel surface after immersion in the electrolyte, in the absence (a) and in the presence

of inhibitor (b).
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Figure 12. Nyquist (a) and Bode plots, containing the phase angle (b) and logarithm of the impedance modulus (c), for the carbon steel

in the presence of 1.77 g L' of the cocoa bean shell powder at different immersion times.
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Figure 13. Corrosion inhibition efficiency at different immersion
times in 0.5 mol L' HCI solution.

Santos et al. (2020) verified the corrosion inhibition
efficiency in relation to the immersion time in the presence
of the green inhibitor from the palm kernel cake powder*'.
These researchers observed a greater efficiency in the time
of 12 hours and after 24 hours they also reported a decrease.
They suggested that the desorption of the inhibitory molecules
may be associated with the weak interactions between the
inhibitor and the metallic surface resulting from the physical
adsorption mechanism of species. In the present study it was
also found that the adsorption process that occurred was that
of physisorption (as presented in topic 3.6), corroborating
the argument presented by Santos et al. (2020)*'. Thus, in
longer immersion times, probably the weak interactions
between the adsorbate and the metallic substrate began to
rupture, favoring desorption.

3.9. Cocoa bean shell corrosion inhibitor
economic evaluation

Initially, the mass balance was carried out in the production
process to verify its efficiency. From the mass balances,
it was found that the production process of the corrosion
inhibitor has an efficiency of 12.0%, in other words, for each
kilogram of waste introduced in the feed stream, 120 grams of
corrosion inhibitor is produced. The greatest loss of material
was observed in the sieving stage (69%). This significant loss
of'mass occurred due to the high quantity of larger particles
in the output stream of the milling process. From these
results, we can see that the sieving step contributed to the low
efficiency of the process since most of the solids were retained
in the undesired sieves. Therefore, it is recommended to use
a longer milling time or another type of mill; however, this
evaluation was not the aim of this work, since this supposed
change would probably lead to alteration of properties of
the corrosion inhibitor. An alternative to the large amounts
of'solid residues was explored by Lessa et al. (2018), where
the researchers evaluated the production of antioxidants from
this material by solid-state fermentation method'. However,
it is a process that requires time and specific reagents, which
can be expensive for our investigation. To overcome these
limitations and reuse the entire cocoa bean shell residue as
an inhibitor, our group is investigating - for future works -
the production of an inhibitor from the solid residue extract.

Given these results, to produce 1.0 kg of corrosion inhibitor
we need 8.4 kg of residue in the process feed stream. As the
system of our laboratory has this capacity of operation, this
step was carried out in a single batch. Table 8 shows the
costs of this production process.

Table 8. Laboratory production costs for the corrosion inhibitor.

Item Cost (USD kg™)
Transport 1.94
Drying process 0.72
Grinding process 0.02
Sieving process 0.01
Total 2.69

Comparing Table 8 and Table 2, we can see that the
production cost of 1 kg of cocoa shell powder is much
lower than commercial corrosion inhibitors. Even though
Table 2 contains other costs that were not estimated for the
residue, such as profits and taxes, the studied inhibitor is
48-616 times cheaper than traditional corrosion inhibitors.
These values justify its use even at a higher concentration than
the concentrations recommended for commercial inhibitors.

4. Conclusions

The electrochemical impedance data showed that, with the
increasing concentration of inhibitor, there was an increase in
the values of corrosion inhibition efficiency, whose maximum
value was 97.92% at an optimal content of 1.77 g L.
The gravimetric results confirmed the electrochemical results.

The potentiodynamic polarization curves demonstrated
that the cocoa residue is a mixed type inhibitor, hindering
both anodic and cathodic reactions.

The SVET results showed that the corrosion inhibitor
reduces both anodic and cathodic ionic activity.

The thermodynamic study showed that the molecules
present in cocoa bean shell powder were physically adsorbed
on the surface of the carbon steel (physisorption), probably
due to the interaction of heteroatoms present in the FTIR
(carbon, oxygen, and nitrogen) spectrum. The adsorption
process of the molecules follows the Langmuir isotherm
model, which assumes that each site is occupied by only
one adsorbed molecule.

Through economic evaluation, the corrosion inhibitor
from cocoa bean shell has excellent economic viability
compared to the commercial inhibitors, which are expensive
and often toxic.

Thus, from electrochemical and gravimetric results, it can
be inferred that the cocoa bean shell powder has the potential
to be used as a corrosion inhibitor for SAE 1008 carbon steel
in 0.5 mol L' HCI solution.
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