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Application of a Mix of Vegetables Residues as Inhibitor for Carbon Steel
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This work investigates the synergistic use of Theobroma cacao (Cocoa), and Elaeis guineensis
(Palm oil) as corrosion inhibitors for carbon steel in 0.5 mol.L!" hydrochloric acid solution, in the
absence and presence of different mixture concentrations of the studied compounds. The efficiency of
corrosion inhibitors was studied by gravimetric tests and the corrosion resistance by electrochemical
tests, such as electrochemical impedance spectroscopy (EIS) and polarization curves. The chemical
composition of the cocoa bark powder and palm kernel cake powder was evaluated by Fourier transform
infrared spectroscopy (FTIR). The results of the gravimetric tests showed an inhibition efficiency of
79% for the cocoa bark powder and 76% for palm kernel cake powder, however, the mixture of the
compounds presented an inhibition superior to 94%, showing the great synergism between the studied
species. These results corroborate the values obtained from EIS.
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1. Introduction

The corrosion in metallic surfaces has become a relevant
problem for society, which represents a big material and
economic waste, falling upon a relevant phenomenon that
affects the chemical, petrochemical, naval, civil construction,
automotive, aerospace, white line, and communication
sectors, among others, causing environmental and economic
impacts '. The study by the National Association of Corrosion
Engineers (NACE) estimated that the global cost of corrosion
was US$2.5 trillion per year, which is equivalent to 3.4% of
the global Gross Domestic Product (GDP) 2.

The cost is an important aspect of the fight against
corrosive processes, and with the advancement of technology,
the demand for corrosion-resistant products is significant.
Coatings and corrosion inhibitors are used to minimize the
effects of corrosion. Some synthetic corrosion inhibitors
have toxic properties that are harmful to the environment and
human health. In this context, the use of natural inhibitors is
beneficial both financially and environmentally, due to their
biodegradability, ecological acceptance, and renewability 3

This includes, for example, Boswellia serrata *,
Theobrama cacao®, Glycyrrhuza glabra °, and some vegetables,
such as the garlic peel 7, Xanthium strumarion ®, castor
bark ? Cotton Seed ', Spilanthes acmella Leaves ", widely
distributed and low economic value, including byproducts
of agro-industrial processes and agricultural waste '.

*e-mail: vera.rosa@gmail.com

A notable feature in these works is related to the wide
variety of chemical compounds in these vegetables, mainly
polyphenols, which are efficient corrosion inhibitors for
metals . The corrosion inhibition efficiency from the
byproducts of vegetables is normally linked to the presence
of organic species such as tannins, alkaloids, nitrogenous
bases, carbohydrates, and proteins in their compositions 415,

Some studies about the cocoa bark have revealed the
presence of a series of interesting compounds, such as catechins,
epicatechins, procyanidins, and methylxanthines, caffeine
(1,3,7-trimethylxanthin), theophylline (1,3-dimethylxanthin),
and theobromine (3,7- dimethylxanthine), and some of these
studies reveal the antioxidant activity of cocoa bark 16-17-18-19-20,

The studies of Fayomi and Popoola (2014) 2! and
Nwigbo et al., (2012) * revealed that palm oil has good
inhibitory properties, containing oxygen, nitrogen, and
aromatic rings in its composition 2!, which justifies that
palm kernel cake can present inhibitory properties since it
has fractions of the oil that was not extracted *, which is a
theory confirmed by SANTOS et al. (2020), that reported
an inhibitory efficiency of 87% for palm kernel cake .

Taking into account the interest in preserving carbon
steel, the present work focuses on investigating the
synergistic use of natural residues from cocoa bark and
palm kernel cake as corrosion inhibitors for carbon steel in
0.5 mol.L ! hydrochloric acid solution.
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2. Methodology

The metal used in the corrosion resistance evaluation
was the ASTM 1020 carbon steel. It is the most utilized
steel with carbon content below 2%, which is considered a
material of high added value, used in several sectors, due
to its wide applicability and also for having advantageous
mechanical properties for engineering applications .
Its chemical composition (%) is formed by: C = 0.17; Mn
=0.30; P=0.04; S=0.05 ¢ Fe = 0.44 *. The 1020 carbon
steel samples were used in dimensions of 20 x 20 x 8 mm.
The surface of each specimen was progressively treated with
sandpaper of grades 80, 120, 320, 400, 600 e 1200. Then,
they were washed with distilled water, ethanol and acetone,
and finally dried with a hot air stream.

The cocoa bark and palm kernel cake were initially
washed in water and dried in an oven at 70 °C for 24 h.
Subsequently, to reduce the particle size, the material was
conducted to a knife mill with a single rotation speed. Next,
the grinding product was separated with a sieves system using
an electromagnetic stirrer for 15 min. The particle size of
170 mesh was separated and named as cocoa bark powder
(CBP) and palm kernel cake powder (PKCP). Preliminary
tests were carried out with five different concentrations for
both materials (Table 1).

The analyses of FTIR (Thermo Scientific Nicolet iS10)
were obtained in the range 0f 4000 to 400 cm', at a resolution
of 4 cm™. The samples were prepared using KBr pellets.

Electrochemical tests were carried out in triplicate with
a potentiostat/galvanostat Metrohm Autolab, PGSTAT302N,
with an impedance module and controlled by NOVA
1.11 software. Microcal® Origin® 8.0 software was used
to process the data. A three-electrode electrochemical cell
was used with Ag|AgCl|KClsat as the reference electrode,
Rh-coated Ti wire with 1.6 mm diameter and 10 cm height
as the counter electrode, carbon steel ASTM 1020 was
employed as the working electrode with an exposed surface
area of 1 cm?. The electrolyte was a 0.5 mol.L"' HCl aqueous
solution with different inhibitor concentrations.

Electrochemical experiments were carried out in the
following sequence: Initially, the open circuit potential
(OCP) was registered for 5400 s; next, EIS measurements
were performed, and finally, potentiodynamic polarization
curves were obtained 120 s after completion of EIS tests.
The EIS data were fitted using ZView?2 software.

EIS experiments were carried out at the OCP in the
frequency range from 100 kHz to 10 mHz with 10 points
per decade using a perturbation amplitude of 10 mV. Anodic
(-30 mV vs OCP to + 250 mV vs OCP) and cathodic (+
30 mV vs OCP to — 250 mV vs OCP) polarization curves

Table 1. Inhibitor concentrations.

Inhibitor Concentration (g/L)
Blank -
CBP 1.11
PKCP 1.11
CBP + PKCP 0.78 PKCP + 0.33 CBP
CBP + PKCP 0.33 PKCP + 0.78 CBP
CBP + PKCP 1.11 PKCP + 1.11 CBP
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were obtained with different working electrodes, both at a
scan rate of 0.5 mV/s.

Gravimetric tests were performed in triplicate according
to ASTM G1. The ASTM 1020 carbon steel samples were
previously treated and cleaned before weighing on an
analytical balance with an accuracy of 0.1 mg, to finally be
immersed in a 0.5 mol.L' HCI solution without and with
different inhibitor concentrations. The immersion time was 2 h.

For the weight loss measurement, the samples were
removed from the solution after this interval, washed with
distilled water, alcohol, acetone, and dried under a hot air
stream.

The micrographs of the surfaces of the samples after
2 h of immersion in the test electrolyte in the absence and
the presence of inhibitors were generated by a scanning
electron microscopy (SEM) Quanta 250F after weight loss
measurements.

3. Results and Discussion

3.1. Fourier transform infrared spectroscopy
(FTIR)

Figures 1 and 2 show the FTIR spectra of CBP and
PKCP, respectively.
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Figure 1. FTIR spectrum of CBP.
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Figure 2. FTIR spectrum of PKCP.
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The spectra found are similar to each other, where
the main bands were found in both 3418 of the studied
inhibitors. CBP spectrum (Figure 1) has a strong absorption
band at cm’!, and a similar spectrum was found in PKCP
at 3390 cm™! (Figure 2), which can be associated with the
presence of N-H and OH groups. Carboxylic acids, phenols,
and amines may be present in the studied inhibitors, so
these functional groups form complexes with hydrogen
(H+), present on the metals surface, which cause blocking
of anodes that are generated on the metal surface in contact
with electrolytes, and thus, it retards the dissolution of the
metal 27-28-29.

Specific bands attributed to nitrogen-containing compounds
were detected at 1520 cm™ (C = N) and 621 cm™ NH, in
the CBP spectrum. According to Zucchi (1985) 3!, organic
compounds containing nitrogen can act as corrosion inhibitors
due to their antioxidant properties, presenting ease on the
formation of ¢ bond between the inhibitor and the metal
since they have high negative charges in the nitrogen atom
31, Electron-donor functional groups further assist in this
process. The band at 2900 cm™ found in both inhibitors is
related to aliphatic C-H stretching vibrations, present in fatty
acids (saturated and unsaturated) and carotenes *.

The band at 1730 cm™! comes from the carbonyl group
(C=0), present in fatty acids such as palmitic acid and oleic
acid 33343, as well as possible flavonoids and tannins.

The band at 1465 cm! is characterized by the vibration
of C=C double bonds present in aromatic rings 2.
At 1161 cm™! there is another peak that can be attributed to
the vibrations of aromatic rings, which according to Santos
(2017) °, they come from phenolic groups (tocopherols,
flavonoids, and tannins), which are adsorbed on the metallic
surface to form a planar layer, resulting from the interaction
of m electrons of the molecule with the metal ¥7.

The chemical characterization of CBP and PKCP obtained
by FTIR (Figures 1 and 2) revealed the presence of aromatic
rings and functional groups containing nitrogen, oxygen,
and carbon in their structures, as well as electronegative
functional groups, which explains their antioxidant and
inhibitory properties *%*. The inhibitory action of these
organic compounds can be attributed to their interactions
with the metal surface through an adsorption process 2.
The generated film can act as a barrier between the metal and
the electrolyte, so the inhibition efficiency can be related to
the chemical characteristics of the adsorbed layer #..

3.2. Electrochemical Impedance Spectroscopy
(ELS)

The EIS diagrams for ASTM 1020 carbon steel after
5400 seconds of immersion in the test electrolyte, with
and without the inhibitors, are shown in Figures 3-5.
Analysis of Nyquist plots shows the occurrence of a single
flattened capacitive arc, whose diameter is always greater
in the presence of inhibitors in comparison to the control
system, indicating a decrease in corrosive activity at the
interface. The maintenance of the aspect of the diagrams
when the inhibitors were added to the solution suggests that
the compounds only delay the corrosive process, without
modifying its mechanism. Similar behavior has been observed
in other studies in the literature >-?*. The synergism of CBP

and PKCP in the highest studied concentration with 1.11 g/L
of'each component, presented the highest impedance value,

3000

—+#— Blank

—4—1,11 g/L CBP

—0—1,11 g/L PKCP

—4— 0,78 g/L PKCP + 0,33 g/LCBP
—*—0,33 g/L PKCP + 0,78 g/L CBP
—0—1,11 g/L PKCP + 1,11 g/L CBP

2000

Z"/oem?

3000
Z'/ocm®

Figure 3. Nyquist diagrams of ASTM 1020 carbon steel in a 0.5
mol.L"! HCI solution with various CBP and PKCP concentrations.
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Figure 4. Bode phase angle plots for ASTM 1020 carbon steel in a
0.5 mol.L" HCl solution with various CBP and PKCP concentrations.
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Figure 5. Bode impedance modulus plots for ASTM 1020 carbon
steel in a 0.5 mol.L"' HCI solution with various CBP and PKCP
concentrations.
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which can lead to the comprehension that they both work
simultaneously to reduce the corrosive process.

It can be observed that in the presence of any inhibitor
concentration, in comparison to the control system, the
presented time constant results in phase angle values in
a wider frequency range, indicating a deceleration in the
reactions involved. Furthermore, the increasing values of
phase angle suggest the adsorption of the studied compounds
on the working electrode by increasing the capacitive effect
of the electrochemical system >3,

The impedance modulus diagrams show only a single time
constant in all curves, which indicates that the inhibitors act
by forming a protective layer that is adsorbed on the substrate
surface *. The highest values of phase angle and impedance
modulus were obtained when 1.11 g.L!' of CBK and PKCP
were added in the test electrolyte, which corresponds to a
lower corrosion intensity.
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Figure 6. Equivalent circuit used to fit the EIS data.
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For a better quantitative analysis of the general impedance
behavior, the EIS diagrams in Figure 5 were fitted using an
electric equivalent circuit (Figure 6) generally employed to
model the impedance response of steel in acidic solutions
with or without inhibitors *7.

In search of a more precise adjustment, the phase
constant element was inserted instead of a pure double layer
electric capacitor, thus compensating for deviations from
the ideal behavior. This equivalent circuit model, shown in
Figure 6, is widely used in studies of natural inhibitors in
the literature %3234, The impedance data adjustment for the
1.11 g.L-1 PKCP + 1.11 g.L-1 CBP concentration of green
inhibitor on the Z-View software simulation interface can
be seen in Figure 7.

The mathematical procedure was performed with software
Zview 2.4. The fitted parameters and the inhibition efficiency
are shown in Table 2.

The charge transfers resistance (Rtc) was calculated from
the difference between the highest and lowest frequencies
obtained in impedance. The double layer capacitance (CPE,)
was calculated using Equation 1:

CPEy =1/(27. fmax.Ret) (D

Results in Table 2 clearly show that Rct values increased
in the presence of inhibitors while CPE values decreased,
showing that the utilized compounds act in the electric
double layer to reduce the corrosion rate of carbon steel.
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Figure 7. Z-View software interface for the adjustment of electrochemical impedance data (in the presence of 1.11 g.L' PKCP+1.11 g.L'' CBP

of inhibitor) to the equivalent electrical circuit.

Table 2. Parameters from the fitting EIS diagrams with the equivalent circuit of Figure 6.

Concentration R, R, Error CPE, N 5 Efficiency
(gL (Q.cm?) (Q.cm?) (%) (uFem?s) (%)
Blank 10.78 219 0.22 2.11x10* 0.84 2.97x10° -
1.11 g/L CBP 9.23 1395 0.60 5.95x10° 0.83 1.85x 107 84.3
1.11 g/L PKCP 9.95 1227 0.42 6.90x 107 0.82 2.05x 107 82.1
1.11 g/LPKCP + 1.11 g/L CBP 8.43 2758 0.72 4.58 x 10° 0.91 9.62 x 10+ 92.1




Application of a Mix of Vegetables Residues as Inhibitor for Carbon Steel 5

The corrosion inhibition efficiencies (1) were calculated
using Equation 2:

n= (RTinb = Rreo ) / RTjnp %100 2

where R, and R, are the charge transfer resistance in the
presence and the absence of inhibitor, respectively.

The inhibition efficiency calculated from the Rct values
with and without the presence of inhibitors was 84.3% for
CBP, 82.1% for PKCP, and 92.1% for the synergism of
CBP and PKCP.

3.3. Potentiodynamic polarization curves

Figures 8 and 9 show the potentiodynamic polarization
curves obtained after 110 min of immersion ina 0.5 mol.L' HC1
solution with and without the presence of the studied inhibitors.

For anodic curves, it can be observed in Figure 6 that
the corrosion potential for samples with inhibitors shifts to
higher values in comparison to the sample without inhibitor.
The anodic current densities are lower for samples with the
inhibitors in comparison to the control system (Figure 8),
revealing the anodic behavior of the inhibitors. Differently,
the cathodic current densities (Figure 9) of the samples
with inhibitors are lower than the one represented as blank.
The results corroborated the literature >2*4¢, demonstrating
that in the presence of the studied inhibitors, the response
of an anodic inhibitor prevailed. It was verified that there
was no change in the shape of the polarization curves in
the presence of inhibitors, which were only shifted to lower
current density values, corroborating the interpretation of
the EIS diagrams, in the sense that the inhibitory action acts
in the electric double layer of the electrochemical system.

3.4. Gravimetric tests

The results of gravimetric tests are shown in Table 3.
The inhibition efficiency (1) was calculated using Equation
3, where C, represents the corrosion rate in the absence
of inhibitor, and C,; is the corrosion rate in the presence
of inhibitor .

1=(1-Cgj / Cro)x100 3)

As it was seen in the electrochemical results, Table 3 shows
that the addition of CBP and PKCP to the electrolyte enhances
the inhibition efficiency, confirming that these two substances
act as corrosion inhibitors for ASTM 1020 carbon steel in
0.5 mol.L"' HCl solution. This process probably occurs due
to the adsorption of molecules with inhibitory properties
on the surface of the working electrode, as suggested by
the EIS results *.

The highest efficiency value obtained was 94% for the
concentration of 1.11 g.L"! of CBP and PKCP, which is higher
than the 70% indicated in the literature as a parameter of an
efficient inhibitor *!, which corroborates the electrochemical
tests and the results from literature >-*. It also confirms the
synergism of the two substances to increase the efficiency
of the system against corrosion.

3.5. SEM characterization

Surface images of the steel were obtained by SEM after
gravimetric tests (120 min of immersion in 0.5 mol.L"' HCI

solution) in the presence and absence of CBP, PKCP, and
the synergism of CBP with PKCP (Figure 10).

When comparing the four images, it can be noticed
that there was widespread corrosion in the absence of the
inhibitors (Figure 9a), whereas when the inhibitors were
added to the test electrolyte, the corrosive process was
reduced and the surface was less damaged (Figure 9b and 9c).
Finally, the image of the sample exposed to the solution
containing the synergism of CBP and PKCP (Figure 9d),
shows the smoothest surface, indicating that the protection
against corrosion generated by these inhibitors is not based
on precipitation of a layer of corrosive product, but in an
adsorption process.
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Figure 8. Anodic polarization curves obtained for the ASTM 1020
carbon steel in a 0,5 mol.L"" HCI solution with various CBP and
PKCP concentrations.
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Figure 9. Cathodic polarization curves obtained for the ASTM
1020 carbon steel in a 0.5 mol.L"' HCI solution with various CBP
and PKCP concentrations.

Table 3. Gravimetric results of ASTM 1020 carbon steel after 120
min of immersion in a 0,5 mol.L-" HCI solution without and with
different inhibitor concentrations.

Concentration Efficiency
Blank -
1.11 g/L CBP 79%
1.11 g/L PKCP 76%
1.11 g/L PKCP+ 1.11 g/L CBP 94%
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Figure 10. SEM images of ASTM 1020 carbon steel after 120 min of immersion in 0.5 mol.L-' HCI solution in the absence (a) and the
presence of CBP (b), PKCP (c), and the synergism of CBP and PKCP (d).

3.6. Economic analysis

The costs of market values for the main synthetic
inhibitors with their respective companies of reselling or
manufacturing are presented below (Table 4):

These corrosion inhibitors are synthetic chemicals,
characterized by high manufacturing costs, and great toxicity
associated with risks to human health. Therefore, the study
of natural corrosion inhibitors is prominent, mainly due
to their sustainable profile, low cost, and high suitability.

Barreto et al. (2018) 3 studied the use of cocoa bark
extract for possible substitution of benzotriazole (BTAH)
in the inhibition of 1020 carbon steel in hydrochloric acid.
The inhibition efficiency calculations from weight loss, EIS,
and polarization tests have shown that cocoa bark extract
is only slightly less efficient than the BTAH to mitigate the
corrosion in the aforementioned conditions °.

In the cocoa productive chain, the fruit is not fully
utilized, generating large amounts of waste, which estimations
indicate the disposal of 80%. Most of the cocoa barks are
left in the plantations in the form of “casqueiros”, which can
provoke the degradation of the soil structure as a source of
inoculum of pathogenic fungi toward the plants, harming
the environment ¥7.

Worldwide cocoa production for the 2018/2019 harvest
is estimated to be approximately 4.834 thousand tons *.
According to Moror6 (2007) *°, for the production of a ton
of dried cocoa beans, 7 tons of bark are generated *.

Among the potentialities of cocoa bark consumption,
the use in animal feed, boiler fuel, and fertilizers are the
highlights .

Palm oil (Elaeis Guineesis Jacq.) has a strong influence
on the cuisine of the state of Bahia (Brazil), and also on the
economic and environmental aspects. Its main products are the
palm oil from the mesocarp and palm kernel, both extracted
from the fruit ®'. Palm oil is widely used as vegetable oil
and the forecast for world consumption in 2020 can reach
43 million tons, indicating that the production should increase
along with the demand .

Palm oil production results in some byproducts such
as bunches, mesocarp fiber, nutshells that are used as solid
fuels; the palm kernel cake that is used as animal feed; POME
and solid sludge used as fertilizers and to feed the boiler °'.

Bearing in mind how large the waste volume generated
in the productive chain of cocoa and palm oil is, adding
value to byproducts is important from a scientific, economic,
and technological point of view. Therefore, it is necessary
to develop a critical technical awareness that must be built
within society and university, always searching for industrial
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routes that can predict environmental liabilities and turn
them into clean technologies, that can be defined as the set
of methods and techniques that aims to mitigate waste and
has the environment preservation as its central axis. Thus,
the use of cocoa bark and palm kernel cake meets these
needs and this study proves that they are effective as natural
corrosion inhibitors.

4. Mechanism of Inhibition

The electrolyte nature, the corrosion inhibitor composition,
and the composition of surfaces are determinants in the
adsorption of corrosion inhibitors on the metal substrates.
The traditional inhibitors are organic compounds that contain
heteroatoms such as oxygen, nitrogen, phosphorous, sulfur,
and aromatic rings ®. The natural corrosion inhibitors
composition is very complex, and the compounds reported
in these substances, which are responsible for the inhibitory
effect, have similar characteristics to the traditional inhibitors,
for example, tannins, alkaloids, carbohydrates, and proteins.

Table 4. Cost of market values for the main synthetic inhibitors.

Through the free electrons of heteroatoms and & electrons
of multiple bonds, the inhibitory species can adsorb on the
metallic surfaces by electrons donate, in the empty d-orbitals.
In HCI electrolytes, the iron surface charges positively,
and the chloride ions are attracted to the surface. Thus, the
chloride ions act as a bridge between inhibitor molecules
and metal surfaces due to the highly stabilized coordination
inter-medium on the metal surface %, Besides, the inhibitory
species can interact electrostatically with the metal surfaces,
resulting in physical adsorption .

In addition of the long-chain compounds, which are
important to cover the metallic surface; both cocoa and
the palm have antioxidant compounds, that are essential
to the high inhibitors efficiency presented. Nevertheless,
their antioxidants compounds are from different natures,
which was verified by FTIR analysis for these inhibitors.
While cocoa is rich in polyphenols, theobromine, and
caffeine (Figure 11a); the palm is rich in A and E vitamins
(Figure 11b). Thus, the inhibitive action of the studied

Inhibitor Cost per kg Company

Zinc Phosphate PZ20 $6.98 Adexim comexim

Zinc Chromate (CZ 20) $7.91 Adexim comexim

Novinox PAT 15 $13.85 Adexim comexim

C.R.Z.—instant cold galvanizing $79.6 QUIMATIC TAPMATIC
Nonylphenol Ethoxylated 9,5 $3.60 Macler
Benzotriazole (BTAH) $1.75 Sigma-Aldrich
Palm Kernel Cake Powder (PKCP) $0.25 Oleos de Palma S/A (Bahia, BR).

Cocoa Bark Powder (CBP) $0.25 UESC

(b)

Figure 11. Skeletal representation of adsorption of Teobromina, Cafeina, Flavonoides (a), Vitamina A and Vitamina E (b) on the carbon

steel ASTM 1020 surface.
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compounds could be attributed to the presence of the long-
chain molecules, responsible for blocking wide areas on the
metallic surface thus inhibiting corrosion by covering wide
areas on the carbon steel surface and by the adsorption of
the antioxidant compounds, which containing O, N, and S
atoms, 7t electrons, and aromatic rings *.

5. Conclusions

Through the analysis of the results, it was possible to
conclude that the CBP and PKCP both presented the required
potential to be used as corrosion inhibitors for ASTM
1020 carbon steel in 0.5 mol.L!' HCI solution.

The spectra from the chemical analysis by FTIR indicate
the presence of species that can be found in corrosion
inhibitors, such as oxygen atoms, nitrogen, and aromatic
ring groups that probably adsorb on the sample surface,
which explains the inhibitory properties.

The electrochemical tests indicate that the corrosion
mechanism is not altered in the presence of the studied
inhibitors. And it was possible to suggest the anodic inhibitory
action from the polarization curves.

Gravimetric tests showed that in the presence of CBP,
the inhibition efficiency is approximately 79%, while for the
PKCP was 76%. Concerning synergism, the results demonstrate
an increase in the corrosion resistance efficiency, reaching
values of 94% in the corrosive process of ASTM 1020 carbon
steel in 0.5 mol.L"! HCI solution. These results corroborate
the calculations obtained from the equivalent circuit.

SEM images showed that the inhibitors were adsorbed
on the carbon steel surface, acting as a protective barrier
against the evolution of the corrosive process on the substrate.
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