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The present work studied aqueous extracts of castor beans as a natural inhibitor of the
corrosion of mild steel in 1 M HCI using gravimetric tests, potentiodynamic polarization curves,
linear polarization method, electrochemical impedance measurements, surface analysis by
scanning electron microscopy (SEM) and chemical characterization by Fourier transform infrared
spectroscopy (FTIR). Gravimetric tests showed that inhibition efficiency (IE) increased with
immersion time and concentration of the extract, reaching 97.8% in the presence of 800 mg L'
inhibitor after 24 h immersion time. For the gravimetric tests varying the temperature, a decrease
of the activation energy (E,) was observed, suggesting chemical adsorption of extract components
on the metal surface. The extracts from the castor beans acted as a good corrosion inhibitor, and
the macromolecules present in the high molecular weight fraction (HMWF) have a fundamental
participation in this process since it presented 93.7% of IE for 200 mg L.
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Introduction

The use of corrosion inhibitors is one of the most
effective ways of retarding corrosion, which is why
industries apply them to protect equipment, industrial
plants, and refrigeration systems in the production,
transport, and storage of oil and natural gas.' The natural
inhibitors have been gaining greater expressiveness, since
they come from renewable resources and vast availability,
besides being biodegradable, of low cost and not harmful
to the environment.>*

Several studies'?® were carried out to investigate the
retardation of corrosion on different metals using natural
inhibitors. Research related to inhibitors of natural sources
such as leaves, stems, fruits, plant seeds and food residues
have shown a high efficiency of inhibition of corrosion
for different metals and corrosive media.'> Table 1 gives
a comparison of the inhibition efficiency (IE) of different
extracts from natural sources towards mild steel acid
corrosion. Good inhibition efficiencies can be achieved,
reaching 98% for corrosion of carbon steel in HCI solution
using the garlic peel and sunflower bean hull extract.”?

*e-mail: eliane @iq.ufrj.br

About the garlic peel extract, the authors?? suggested
based on headspace solid-phase microextraction-gas
chromatography (HS-SPME-GC) analysis of the extract
that sulfur compounds may play an important role in the
inhibition process. In the sunflower bean hull study,’ the
authors suggest a complex between the functional groups
present in the extract molecules (fatty acid, phenolic acid,
amino acid, furfural, xylose and anthocyanin) and Fe**
ions as the adsorbed species responsible for the inhibitory
action. In our previous works'>*!> we showed that the
high molecular weight fraction (HMWF) obtained from
different extracts showed higher IE than their crude
extracts suggesting that the macromolecules as proteins
and/or polysaccharides play an important role in the
inhibitory action of these extracts towards the mild steel
acid corrosion.

In this sense, oil-bearing seeds could be an excellent
source of compounds with anti-corrosion properties. In
addition, their processing produces an immense amount
of cake/bran.

Brazil has a variety of oleaginous in its extension,
such as oil palm, castor bean, soybean, cotton, which have
chemical compositions propitious to incorporate, even in
part, the biodiesel. Besides, they generally present high
levels of proteins and carbohydrates, organic compounds
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Table 1. Inhibition efficiencies (IE) for some natural inhibitors towards
mild steel corrosion

Concentration /

Natural inhibitor (mg L) IE/ % Reference
Coffee husk 400 84.1 1
Papaya seed 1000 93.0 4
Spindia i o0 eed 2
Sunflower bean hull 400 98.0 5
Orange peel 400 95.0 10
Passion fruit peel 500 90.0 10
Mango peel 600 91.0 10
Cashew peel 800 80.0 10
Castor bark powder 1110 81.0 14
Gorse 800 90.8 15
Henna leaves 800 95.8 19
Grape pomace 3% viv 83.0 20
Papaya leaves 2000 93.8 21
Garlic peel 400 98.0 22
Potato peel 1000 85.0 23
Barley 840 94.2 24
Waste of lychee fruit 700 92.5 25
Brown onion peel 400 94.1 26

rich in oxygen and nitrogen, elements usually responsible
for corrosion inhibition.”

“Mamona” (Ricinus communis) is a plant in the family
Euphorbiaceae, whose main commercial product is the
castor oil.”” This raw material can be applied in paints,
varnishes, lubricants and cosmetics.?

Besides oil, castor beans have high protein levels.
Severino® reported that depending on the oil content
in the bean, the percentage of proteins can be altered.
Machado et al.* investigated whether post-harvest storage
time and fruit position in the plant interfered with their
chemical characteristics. The results showed that regardless
of the type of seed analyzed, protein levels do not change
significantly and are relatively high.

Sathiyanathan et al.’' applied an ethanolic extract of
castor leaves as a carbon steel inhibitor in NaCl solution.
Through gravimetric and electrochemical tests, they
concluded that the substrate acted as a mixed inhibitor,
reaching an efficiency of 84% for 300 mg L' of extract.
Abdulwahab et al.”® tested the castor oil to inhibit the
corrosion of an aluminum alloy in solutions of HCI and
H,PO, (2 M). The electrochemical tests showed that the
protection in the H;PO, medium was more effective,
forming a passivating film originated by the fatty acids
present in the oil.
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Santos et al.'* examined the effect of castor bark
powder on the corrosion of 1020 carbon steel in 0.5 M HCI.
Inhibition efficiency varied from 65 to 83%, and it was
determined by gravimetric and electrochemical tests. The
adsorption of the powder components on the metal surface
followed the Langmuir isotherm. The authors calculated the
Gibbs standard free energy of adsorption (AG®,,,) as being
—16.92 kJ mol" and concluded that the interaction between
the molecules of the castor bark powder and the metal
surface was physical. The Fourier transform infrared
spectroscopy (FTIR) analyses indicated the presence
of C, N and O heteroatoms, incorporated in functional
groups mainly related to the presence of carboxylic acids,
like ricinoleic acid, which could be responsible for the
inhibitory properties of the powder.

About the AG® , calculation performed by Santos et al.,'
in our previous works,">!*12 we have shown that the
determination of thermodynamic parameters such as
AG°,, was not possible, even when placing the water
concentration in mg L™!, due the unknown chemical nature
of the adsorbed molecules.

There is no report in literature applying aqueous extracts
of castor beans (full seed) as natural corrosion inhibitors.
Our main proposition would be profitable destination to
cake, a residue obtained from the castor oil and biodiesel
production. These seeds present high protein contents, it
is assumed that they play an important role in inhibiting
steel acidic corrosion.'!3

However, this alkaline waste (castor cake) is allergenic
and toxic, due to a potent toxin, ricin protein found mainly
in castor bean (Ricinus communis) endosperm. This
protein (62-66 kDa) is formed of two polypeptide chains,
approximately 32 and 34 kDa, that are connected by a
disulfide bond. The A chain presents inhibitory activity of
ribosomes, inhibiting the protein synthesis, and the B chain
has lectin function. The lethal ricin dose estimated for
humans is 1-10 ug kg='.%>35 Therefore, a high molecular
weight fraction (HMWF) was tested in this work in order
to eliminate the ricin toxin of the aqueous total extract
and to evaluate its performance towards the corrosion
inhibition process. The ricin elimination was carried out
by an ultrafiltration process.

Based on that, the objective of this work is to
investigate the inhibitory action of the aqueous total
extract (ATE) of castor beans and its low (LMWF) and
high (HMWF) molecular weight fractions towards the
mild steel corrosion in 1 M HCI by gravimetric tests,
potentiodynamic polarization curves, linear polarization
method, electrochemical impedance measurements, surface
analysis by scanning electron microscopy (SEM) and
chemical characterization by FTIR.
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Experimental
Obtaining the aqueous total extract (ATE)

The castor beans were supplied by Embrapa Algodao
(Campina Grande, Paraiba, Brazil) and ground. 20.0 g of
castor beans were placed in 200 mL of double distilled
boiling water for 2 h infusion. Simple filtration was
performed with cotton, where the filtrate was collected and
frozen at —4 °C. Finally, the frozen filtrate was lyophilized
(Liotop; model L101) at an average temperature of =52 °C,
generating a powder as final product.

Specimen preparation

The chemical composition of the mild steel was
(mass%): C: 0.18, P: 0.05, S: 0.05, Mn: 0.30 and the
remaining percentage of Fe.

For both gravimetric and electrochemical tests, mild
steel coupons of approximately 13 cm? were manually
abraded with 100, 320 and 600 mesh water grit papers,
washed with double distilled water, degreased with ethyl
alcohol and then dried in hot air.

Solution preparation

All tests were performed using 1 M hydrochloric acid
solution as electrolyte, prepared using 37% hydrochloric
acid from Merck Co. (Darmstadt, Germany) and double
distilled water.

Obtaining the high and low molecular weight fractions

HMWF and LMWF were isolated from the total extract
by diafiltration. ATE was conducted to an ultrafiltration
50 kDa cut-off membrane (Millipore) and centrifuged at
3800 rpm for 40 min. The retained part was discarded to
eliminate the ricin. The filtrate was poured in an ultrafiltration
3 kDa cut-off membrane (Millipore) and submitted to
centrifugation at 3800 rpm for 40 min. The fraction retained
by this membrane (HMWF) was then washed with double
distilled water and centrifuged once again. This process was
repeated until the washing filtrate was colorless. The final
retained part was frozen and lyophilized (HMWF). The liquid
that passed through the 3 kDa membrane, which corresponds
to the LMWF was also collected, frozen and lyophilized.

Gravimetric and electrochemical tests

The gravimetric and electrochemical measurements
were detailed in our previous works.!>!3
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Weight loss measurements were performed in the
absence and presence of extracts containing 100, 200,
400 and 800 mg L' of inhibitor in 1 M HCl medium
for different immersion times: 2, 4, 15 and 24 h at room
temperature.

The temperature variation tests were performed at 25, 35,
45, 55 °C for 2 h of immersion in the absence and presence
of 200 mg L' of the aqueous total extract. The weight loss
measurements were obtained according to ASTM G31-7,%
using analytical balance with precision of 0.1 mg. The
inhibition efficiency (IE) was obtained using equation 1.

C,,—C
IE(%)=% x 100 (1)

R0

where, Cy is the corrosion rate (g cm™h™') in the absence
of the inhibitor and Cy is the corrosion rate in the presence
of the inhibitor.

The apparent activation energy of the system (E,),
kinetic parameter that relates to Cg, was obtained using
equation 2.

logC log A 2)

_Ea
R=————+
2.303RT
where, E, is the apparent activation energy (kJ mol™), A is
the pre-exponential factor, T is the absolute temperature
(K) and R is the constant of ideal gases (8.314 J K~ mol).

All analyses were performed in triplicate, where the
Grubbs test was applied to eliminate any aberrant values, and
standard deviations (SD) for the efficiencies are presented.

The electrochemical cell was composed of three
electrodes: the reference electrode (saturated calomel
electrode), the counter electrode (platinum wire with large
area) and the working electrode (mild steel coupon with
an area, exposed to the corrosive medium of 0.913 cm?).
The electrochemical experiments were performed using an
Autolab PGSTAT 128N potentiostat/galvanostat, controlled
by GPES 4.9 electrochemical software from Metrohm
Autolab (The Netherlands).

In order to perform electrochemical impedance
measurements, the open circuit potential (OCP) was first
recorded as a function of time for 4000 s in the blank solution
and for 14400 s in the presence of inhibitor. The impedance
was made with the working electrode polarized at the OCP,
in a frequency ranging from 100 kHz to 10 mHz, with
10 points per decade and amplitude of 10 mV. The inhibition
efficiency (IE) was calculated according to equation 3.!!

R,-R
IE(%):PR—P‘O x 100 3)

P
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where, R, and R;,, are the polarization resistances (2 cm?)
obtained in the presence and absence of inhibitor,
respectively.

The linear polarization method consisted of small
variations of potential (—30 to +30 mV) in relation to the
OCP, with a scanning speed of 0.6 V h!, following the
standard ASTM G59.%7 The IE was calculated according
to equation 3.

Potentiodynamic anodic and cathodic polarization curves
were performed using a scan rate of 1 mV s™' from —-300
to +300 mV relative to the stable open-circuit corrosion
potential. Corrosion current density (j.,,,), corrosion potential
(E.n)» anodic (B,) and cathodic (B,) Tafel constants were
obtained from Tafel extrapolation method.

The IE was calculated according to equation 4.

TR (%) = Jeomo "o 09 )

.] corr,0

where, j..o and j.,, are the corrosion current densities
(mA cm™) in the absence and presence of the inhibitor,
respectively.

It should be noted that all the electrochemical tests
were carried out with-concentrations of 25, 100, 200, 400,
800 mg L' of ATE and in 200 mg L' of LMWF and HMWE.

Surface analysis by SEM

Mild steel coupons used for surface analysis were
subjected to the weight loss procedure during 2 h of
immersion, in the absence and in the presence of 200 mg L'
of the extracts (ATE and HMWF). Coupons were analyzed
on a scanning electron microscope (Hitachi TM3030
Plus) and the micrographs as well as the elementary
characterization through energy dispersive spectroscopy
(EDS) were obtained with an acceleration voltage of 15 kV.
The micrographs were obtained with a magnification of
2000x.

Chemical characterization by FTIR

The analyses were performed by spectrophotometer
(Nicolet 6700) for measurements in the infrared region
with Fourier transform (FTIR), operating in transmission
mode range of 4000-400 cm™' (through a conventional KBr
pellet technique).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) assays

For the SDS-PAGE, samples of ATE and HMWF and
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ricin were diluted to form solutions of 1 ug uL~'. The ricin
standard (RS) was obtained by the fractionation of the
protein extract as performed by Anandan et al.*® Protein
concentration of the solutions were determined according
to Bradford’s method*® using bovine serum albumin as the
standard protein. Samples were combined with Laemmli’s*
sample-loading buffer and submitted to boil for 5 min
before they were applied to a 12% running and 5% stacking
PAGE polyacrylamide gels. The electrophoretic run was
performed at 180 V at room temperature until the end of
the running gel.

For the image acquisition, the gels were stained with a
solution made of 40% ethanol, 10% acetic acid and 10%
of a solution of 0.2% Coomassie Blue R-250 made by
the dissolution of Coomassie powder in hot water and the
proteins bands were visualized by destaining them with a
40% ethanol, 10% acetic acid aqueous solution.

Results and Discussion
Weight loss measurements

Weight loss measurements varying inhibitor concentration
and immersion time

Table 2 presents the results of the weight loss
measurements for mild steel in 1 M HCI, in the absence
and presence of different ATE concentrations and
time immersion. In general, the increase of the extract
concentration in the corrosive medium causes a decrease
of the corrosion rate, which reflects in the increase of IE,
explained by the formation of a protective adsorbed film,
consisting of molecules of the aqueous castor bean extract,
on the metal surface that is responsible for the retardation
of the corrosion process.

The influence of the variables immersion time and
inhibitor concentration on the IE response was studied
through the complete factorial design 22. Table 3 exhibits
the combinations of the four possible experiments and the
levels used for each variable, and the Table 4 exhibits the
calculated effects values for the variables. Figure 1 shows
the level curve, illustrating the behavior of IE in function
of the variation of the immersion time and the extract
concentration.

Table 4 indicates that the individual effect and the
interaction (b,,) are significant. We consider significant
all the effects and interactions that do not have the value 0
in the confidence interval.*' The positive individual
effects values show that the increase immersion time or
extract concentration is accompanied of an increase in
IE values, where the time effect is more important than
the concentration. The negative effect in the interaction
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Table 2. Weight loss measurements of mild steel by varying aqueous
castor bean extract concentration and immersion time

time / h [fm’“gricfl])/ " CS:;/ py  TE£SDu/%
0 159 x 107 -
100 1.69 x 10 893 1.1
2 200 155x 104  902%06
400 127x10% 920207
800 8.85x 105 944%03
0 151 x 107 -
100 125x10% 917207
4 200 L15x 104 924204
400 9.65 x 10 93.602
800 7.93x 10° 947 %04
0 159 x 107 -
100 5.56 x 10° 96.5%02
15 200 5.06 x 10° 96.8+0.2
400 441 % 10° 972+0.1
800 3.69 x 10° 97.7%0.1
0 1.44 x 107 -
100 517 % 1079 96.4 0.2
2 200 425% 10 97.0%0.1
400 403 x 10 972202
800 3.18x 10° 97.8%0.1

[Extract]: extract concentration; Cy: corrosion rate; IE: inhibition
efficiency; SD;: standard deviation.

Table 3. Factorial planning experiment matrix

Issue time (X,)/h [Extract] (X,) / (mg L")
1 2(-1) 100(-1)
2 24(+1) 100(-1)
3 2(-1) 800(+1)
4 24(+1) 800(+1)

[Extract]: extract concentration.

Table 4. Results of the effects calculated for the factorial planning
variables 2*

Effect,,
b, 95.25+0.34
b, 4.01 £0.34
b, 2.63+0.34
by, -1.45+0.34

between the immersion time and extract concentration
variables shows that even for shorter immersion times the
IE is high, as displayed in Figure 1.
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Figure 1. Level curve showing the IE behavior in function of the variation
of the immersion time and the inhibitor concentration.

It is also observed an increase of IE, even if slight, both
with the concentration of the extract and the immersion
time, but the influence of the extract concentration becomes
important in short periods of immersion.

Temperature effect

The effect of the temperature on the inhibitory action
of the aqueous castor bean extract towards the mild steel
corrosion in 1 M HCI solution is exposed in Table 5. In
these tests, ATE concentration and immersion time were
fixed at 200 mg L" and 2 h, respectively, in the temperature
range of 25 to 55 °C.

Table 5. Average corrosion rates (Cy) and their respective inhibition
efficiency values and standard deviations (SD) in the absence and presence
of aqueous castor bean extract at different temperatures

Temperature / Cr/(gem™2h™)

°C Blank Extract IE 2 SDy / %
25 1.85x 1073 1.87 x 10 89.9+0.2
35 3.55% 1073 2.69 x 10 924+0.2
45 6.12 x 1073 3.56 x 10 942 +0.2
55 1.05 x 102 6.29 x 10~ 94.0 £0.1

Cg: corrosion rate; IE: inhibition efficiency; SDy:: standard deviation.

Corrosion rates increase with temperature either in the
absence or in the presence of inhibitor as the temperature
increases. This increase is more important in the absence
of the extract, featuring an increase of IE in the range of 25
to 45 °C, varying from 89.9 to 94.2%. However, it remains
basically unchanged between 45 and 55 °C, evidenced
by the SDy; values, with a magnitude of 94%. The results
suppose that as the temperature of the solution increases,
the water molecules desorption from the metal surface is
favored, resulting in an increase in surface coverage by the
inhibitory molecules.
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The Arrhenius curves (Figure 2) were obtained using
the data presented in Table 5, where the angular coefficient
of the straight line gives the apparent activation energy
value (E,) associated to the mild steel corrosive process,
according to the equation 2.

-1.8

-2.0 = Blank
1 e 200mgL’
224
244
-2.6H
£
8 -2.84
= |
iOD -3.0H
324
344
i [
-3.6
38 . ; . . . . :
0.0030 0.0031 0.0032 0.0033 0.0034
/K]

Figure 2. Arrhenius plots for mid steel in 1 M HCl solution in the absence
and presence of aqueous castor bean extract.

The E, in the absence of the inhibitor was 47.3 kJ mol™'
and in the presence was 32.0 kJ mol~". A lower value of E,
was observed in the presence of inhibitor. This phenomenon
could be attributed to the chemisorption involving the
charge transfer from the aqueous castor beans extract
molecules to the mild steel surface. This behavior is
different from the one presented by Santos et al.," where
they concluded that the interaction between the molecules
of the castor bark powder and the metal surface was
physical due the AG®,, calculation, which is in our point
of view inappropriate.

The activation parameters (enthalpy and entropy) were
calculated by an alternative form of the Arrhenius equation
(equation 5):%

Ce :Eexp(AS*jexp(_AH*j 4)

R RT

where, h is the Planck constant (6.63 x 107 J s), N is
the Avogadro number (6.02 x 10%), AS* is the activation
entropy and AH* is the activation enthalpy.

The plot In (C/T) vs. 1/T produces a line with an
angular coefficient of —AH*/R and a linear coefficient
of In (R/Nh) + AS*/R, from which AS* and AH* are
calculated.

The positive values for the activation enthalpies,
44.7 kJ mol™" for the blank and 29.4 kJ mol™! for the extract,
express the endothermic nature of the mild steel dissolution.
As the calculated enthalpies values were lower than the
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activation energies, there is an indication that the corrosion
process occurs through a gaseous reaction, which could be
related to the hydrogen evolution in addition to a decrease
in the total volume of the reaction. The difference E, — AH
is equal to RT (2.6 kJ mol™), suggesting that the metal
dissolution is a unimolecular reaction.* The negative values
of AS* in the absence (—89.8 J mol~! K') and presence
(=160.5 J mol~' K™') of the extract indicate a step of
association of the activated complex in the determinant step.

Electrochemical measurements

Open circuit potential

The stabilized open-circuit potential (OCP) was
measured after 4000 s of exposure for the blank and 14400 s
for the aqueous castor beans extracts solutions (ATE,
HMWF and LMWEF). Figure 3a shows the mild steel OCP
values in 1 M HCl solution without extract for 4000 s. The
OCP increases in the first 400 s and then decreases quickly
due to the dissolution process of the air formed oxide film
and the attack on the mild steel surface.*

Figures 3a and 3b show that, regardless the situation, all
the curves maintain a characteristic profile: abrupt variation
of potential in the first minutes of immersion, with an
increase of value and stabilization towards positive values
in the presence of the extract, which varied little in the
concentration range of 100 to 800 mg L' (—495 to —494 mV,
respectively). Unlike curves obtained in the presence of the
inhibitor, the OCP obtained for mild steel in HCI solution
required only 4000 s to reach the stationary state at —=503 mV.
In the presence of HMWF and LMWF, the OCP stabilized
at—482 and —485 mV, respectively. These variations in OCP
confirm that all inhibitors (ATE, HMWF and LMWF) have
mixed-type nature with low anodic character.

Electrochemical impedance spectroscopy (EIS)

Figures 4a and 4b display the Nyquist diagrams in
the absence and presence of inhibitor. It is observed the
presence of a single capacitive loop for all frequency
domain examined, indicating that the system is under
charge transfer control, being associated with the charge
transfer process and double layer capacitance.®

It is important to emphasize that all capacitive
loops were depressed, which is attributed to the surface
heterogeneity of solid electrodes (causing frequency
dispersion), during the corrosion process.**#” This also
led us to choose a constant phase element (CPE) instead
of a double layer capacitor data analysis.

All the diagrams were analyzed based on the equivalent
circuit shown in Figure 5, where R, is the solution
resistance, R, is the polarization resistance and CPE is the
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Figure 3. OCP plots for mild steel in (a) 1 M HCl and (b) in the presence of different concentrations of the aqueous castor beans extract, HMWF and

LMWF at 200 mg L.
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Figure 4. Nyquist diagrams for mild steel in (a) 1 M HCl and (b) in the presence of the extract in different concentrations.

constant phase element. The double layer capacitance (C,),
for the CPE, was obtained according to the equation 6:'
n-1
Ca=Y, (znfmax) (6)
where, Y, is the magnitude of CPE, n represents the
deviation from the ideal behavior, and £, is the frequency

in which the imaginary component of the impedance is
maximal.

CPE

Figure 5. Equivalent circuit proposed for the interpretation of the data
obtained for mild steel using the EIS technique.

Table 6 presents the parameters obtained from
the electrochemical impedance diagrams at different
concentrations of ATE and at 200 mg L' of HMWF and
LMWE.

The addition of aqueous extract in the corrosive solution
causes a progressive increase in the polarization resistance
(Rp) and a reduction in f,,, decreasing the double layer
capacitance (C,) value, which consequently enhances IE,
reaching maximum of 96.3% at 800 mg L' of ATE, which is
in agreement with weight loss data. It can be seen that in the
presence of HMWE, R, is slightly smaller than R;, obtained
from ATE at 200 mg L™'; however, the value remains high,
proving that the concentration of macromolecules in the
range of 3 to 50 kDa was not enough to compromise the
inhibition efficiency (IE = 93.7%). The enhancement in
the polarization resistance (R;,) and diminishment in f,
for ATE and HMWEF assays demonstrate that both modify
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Table 6. Electrochemical parameters obtained from the EIS technique in the absence and presence of ATE at different concentrations and at 200 mg L~!

of HMWF and LMWF

[Extract] / (mg L) f./ Hz R/ (Q cm?) Y,/ (uMho cm™) Cy/ (UF cm™) n IE+SD;./ %
0 79.4 17.4 231 107 0.876 -

25 19.9 104 137 74.9 0.875 833+1.3
100 12.6 346 64.5 39.5 0.888 95.0+0.4
200 10.0 377 66.1 40.5 0.882 95.4+0.2
400 10.0 417 63.2 38.6 0.881 95.8+0.5
800 10.0 473 58.5 36.5 0.886 96.3+0.3
HMWF 15.9 274 69.4 39.4 0.877 93.7+1.2
LMWF 31.6 394 230 136 0.901 55.8+3.2

[Extract]: extract concentration; f,, :

» Lmax*

frequency in which the imaginary component of the impedance is maximal; R,: polarization resistance; Y,: magnitude

of CPE; C,: double layer capacitance; n: deviation from the ideal behavior; IE: inhibition efficiency; SDy;: standard deviation; HMWF: high molecular

weight fraction; LMWF: low molecular weight fraction.

the electric double-layer structure, implying an adsorption
phenomenon of the extracts molecules at the metal/solution
interface.

LMWEF also showed inhibitory action towards the mild
steel acidic corrosion, but with lower inhibition efficiency
(55.8%). In general, for adsorption inhibitors, as the
concentration increases, the metal active area available for
corrosive reaction is decreased, raising R, and reducing
C,.5 We suggest then that the molecules responsible for
the corrosion inhibition by the aqueous castor beans extract
are present in the high molecular weight fraction, as the
macromolecules.

Similarly, Figure 6 shows the Bode diagrams for the
uninhibited and inhibited assays.

As discussed for the Nyquist diagrams, the addition
of extract to the medium results in an increase of phase
angles (Figure 6a) and impedance module (Figure 6b) in
Bode’s plots compared to the blank assay. Throughout the
frequency domain analyzed, the diagrams presented a single
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(b)

12|/ (Q cm?)
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time constant in the 1000-10 Hz region, associated with
the charge transfer process showing one maxima in bode
plots. In the phase diagram (Figure 6a), a displacement of
the maximum phase angle for lower frequencies indicates
the change in the kinetics of the corrosive process in the
presence of extract molecules.

Potentiodynamic polarization curves

Figure 7 shows the polarization curves of mild steel in
1 M HCl solution, in the absence and presence of ATE at 25,
100, 200, 400, 800 mg L! and at 200 mg L-' of HMWF and
LMWEFE. Table 7 features the kinetic parameters extracted
using the Tafel extrapolation method.

Figure 7 shows that the presence of ATE regardless
of its concentration causes the decrease of the current
densities of both branches, which is more explicit for the
cathodic branch.

The increase in the concentration of ATE resulted
in a decrease of the current density, when compared to

Blank
25mg L’
100 mg L
200mg L"
400 mg L"
800mgL"
HMWF
LMWF

1004

10

T T T T i
10 100 1000 10000 100000

Frequency / Hz
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Figure 6. Bode plots for mild steel in 1 M HCl medium in the absence and presence of different concentrations of extract: (a) phase angle versus frequency

and (b) impedance module versus frequency.



Vol. 31, No. 6, 2020

Santana et al. 1233

Table 7. Kinetic parameters for mild steel in the absence and presence of castor beans extracts: ATE, HMWF and LMWF

[Extract] / (mg L) Eocp / mV E,,/mV Jeorr / (MA cm™2) —B. / (mV dec™) B,/ (mV dec™) IE+SDy;/ %
0 -503 —468 8.09 x 10! 128 77.2 -

25 —480 —454 1.17 x 107! 115 68.4 85.5+3.2
100 —-495 —482 4.06 x 1072 117 63.1 95.0+0.3
200 —493 —484 4.07 x 1072 119 67.6 95.0+0.3
400 —492 —484 3.54 x 1072 120 65.6 95.6 £0.1
800 —494 —485 276 x 1072 118 60.5 96.6 + 0.4
HMWF —482 —472 6.15 x 1072 121 70.0 924 +0.3
LMWF —485 —455 321 % 107! 133 81.2 60.3 0.5

[Extract]: extract concentration; Eqp: open-circuit potential; E_,: corrosion potential; j.,,: corrosion current density; f3.: Tafel cathodic constant; f3,: Tafel
anodic constant; IE: inhibition efficiency; SD;: standard deviation; HMWEF: high molecular weight fraction; LMWEF: low molecular weight fraction.

0.01 4
o
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Q
< ] Blank :
z 1E4 ] —25mglL :
g 3 —100mgL 1
s ] =—200mgL’
=
§ 1ES5+ ——400mgL"
= i ——800mgL"
© ieo] —— HMWF
3 ——LMWF
1E-7 T T T T T

T T
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
Potential (V)

Figure 7. Potentiodynamic polarization curves for mild steel in the absence
and presence of ATE, HMWF and LMWF.

blank, increasing the inhibition efficiency values and
reaching a maximum IE value of 96.6% at 800 mg L'
(Table 7), ratifying the previous discussion regarding the
formation of the protective film. It is important to note that
from 100 mg L' of ATE the IE increases very little for
long immersion time (from 14440 s). This behavior was
observed by different assays (weight loss measurements,
electrochemical impedance and polarization curves).
200 mg L-' HMWEF presented an IE of 92.4% proving once
again that the macromolecules are probably responsible to
the inhibitory action of the extract.

The addition of ATE and its HMWF and LMWF
displaced the OCP to more positive values with a maximum
displacement of +23 mV for 25 mg L' of ATE. Moreover,
itis observed that in ATE concentration of 25 mg L. and in
the presence of LMWE, the E_,, was shifted to more positive
values; while the others caused a shift to more negative
potentials. The maximum displacements of E_, were +14
and —17 mV for 25 and 800 mg L' ATE, respectively, which
constitutes a mixed action of the extract. In general, the
Tafel slopes for the anodic and cathodic reactions change

very little with the addition of the inhibitors, which reflects
in the small variation of the 3, and [, constants. Since that
the ATE addition showed a decrease of E,, we can conclude
that this extract acts as a mixed type inhibitor as the majority
of organic compounds where the screening effect is added
to the activation effect.

Corroborating with the electrochemical impedance
results, the IE value for 200 mg L-' HMWF was 92.4%,
proving that the macromolecules are important in the
inhibitory action of the extract.

Linear polarization method

Table 8 presents the polarization resistance values for
ATE, HMWF and LMWE.

The polarization resistance of ATE increases with the
extract concentration, reaching a maximum IE of 95% at
400 mg L™". Once more, it is observed the high R, for HMWE,
corroborating the important role of macromolecules in the
inhibition process and the excellent performance of HMWF
as a corrosion inhibitor for mild steel.

Table 8. Polarization resistance values for mild steel in 1 M HCI solution
in the absence and presence of different concentrations of the total extract
and its high and low molecular weight fractions

[Extract] / (mg L) Rp/ (Q cm?) IE £ SDy / %
0 21.6 -

25 107 798 1.0
100 343 93.7+0.5
200 376 943 +0.2
400 418 94.8 £0.5
800 469 954 +0.3
HMWF 276 922+13
LMWF 44.2 51.1+0.7

R;: polarization resistance; IE: inhibition efficiency; SDy;: standard
deviation; HMWF: high molecular weight fraction; LMWEF: low molecular
weight fraction.
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Adsorption isotherm

In order to evaluate how the molecules of ATE interact
with the metallic surface, four different adsorption
isotherms models were tested: Langmuir, Temkin,
Flory-Huggins and El-Awady. They relate the degree of
surface coverage (0) with the concentration of inhibitor,
according to equations 7-10, respectively.* It should be
noted that © were calculated from the IE shown in Table 7,
following equation 11.

Cc 1
—=—+C 7
8K (N
0= [_2'303j10gK+(_2'303Jlogc @)
2a 2a
0
log c =logK +xlog(1-0) )
0
log Iy =logK+ ylogC (10)
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0=—- 11
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where, C is the concentration of inhibitor; K is the
adsorption constant and a is the lateral interaction parameter
between the adsorbed molecules.

Langmuir model (Figure 8a) assumes that the adsorption
occurs at specific and homogeneous sites on the surface of
the adsorbent, each site responsible for the adsorption
of a single molecule.* Although the good determination
coefficient (R? = 0.998), shown in Table 9, the angular
coefficient deviated a little from one unit (1.03), allowing
to suggest the interaction between adsorbed molecules of
the inhibitor or the relation between active site for each
adsorbed molecule different from one unit.*’

Table 9. Data of straight lines obtained by linear adjustment

Isotherm Linear equation R?

Langmuir y=1.03x+3.09 0.998
Temkin vy =0.0827x + 0.746 0.661
Flory-Huggins y=1.87x+0.0619 0.743
El-Awady y=0.459x + 0.185 0.759

R2 coefficient of determination.

Temkin model (equation 8, Figure 8b) postulates that
the heat of adsorption decreases linearly as the covered
surface increases. The interaction metal-inhibitor is
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Figure 8. Adsorption isotherms of (a) Langmuir; (b) Temkin; (c) Flowry-Huggins and (d) El-Awady for ATE on mild steel surface in 1 M HCI solution.
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expressed by parameter a, which can admit positive values,
indicating attraction, or negative, indicating repulsion.*
The parameter a for Figure 8b is negative, indicating the
repulsive nature of the interaction.

Flory-Huggins and El-Awady isotherms provide
additional information. If the parameter x of the first
isotherm is greater than one unit, there is an indication that
more than one molecule of water is displaced by a single
molecule of the inhibitor. Similarly, if the parameter y is less
than one unit, it shows that a single molecule of the inhibitor
may be adsorbed on more than one active site of the metal.*
The data seen in Table 9 shows that the displacement of
water molecules by the extract ones occurs in a relation
other than 1:1 and that one inhibitor molecule is adsorbed
to more than one active site of the metal.

Although the determination coefficients of Figures 8b,
8c and 8d are not as close to one as the Langmuir isotherm,
their values can be considered satisfactory since they are
between 0.60 and 0.99.

Surface analysis

Figure 9 presents the mild steel surface in the absence
of extract (Figure 9b), in the presence of 200 mg L' of ATE
(Figure 9c¢) and 200 mg L' of HMWF (Figure 9d) for 2 h
of immersion. Figure 9a shows the abraded surface of the
mild steel, without acidic exposition.

When abraded, the mild steel surface evidences the
polishing lines (Figure 9a). In the presence of only HCI

3 : T . TG0 2%

CETEM 2017/07/20
©

30pm CETEM (b) 2017/07/20 H D91 x20k  30um

30ym CETEM ( d)
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solution (Figure 9b), it is possible to observe a high
roughness related to the acid attack on the metallic
surface. In the presence of 200 mg L' of ATE and HMWF
(Figures 9c¢ and 9d), the surface is much less rough and
more uniform, showing the polishing lines as the ones
observed in Figure 9a. Surface analyses ratify the weight
loss measurements and the electrochemical results, which
stated the effectiveness of ATE and HMWF to protect the
surface of mild steel in 1 M HCL.

Chemical characterization

Energy dispersive spectroscopy (EDS)

The chemical characterization of ATE and HMWF
were performed by EDS, SDS-PAGE and FTIR. The mass
percentages of the chemical elements found in EDS are in
Table 10.

Table 10. Mass composition of the extracts in percentage

Weight percentage / %

Element

ATE HMWF
Carbon 51.6 51.2
Oxygen 343 22.0
Nitrogen 9.34 18.7
Potassium 3.30 7.85
Sulfur 1.31 0.143
Magnesium 0.104 0.0682

ATE: aqueous total extract; HMWF: high molecular weight fraction.

Figure 9. Surface micrographs of the mild steel of (a) the surface just abraded; (b) the surface after immersion in 1 M HCI; (c) the surface after immersion
in 1 M HCI containing ATE and (d) the surface after immersion in 1 M HCI containing HMWF.
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Table 10 indicates that the principal elements in the
samples are carbon, oxygen and nitrogen, presented mostly
in the structures of proteins, amino acids and alkaloids;
corroborating with the discussion held so far. It can be seen
a percentual enrichment of nitrogen in HMWE. In addition,
both extracts exhibited sulfur in their composition, which
may be related to the existence of cysteine and methionine,
amino acids present in castor bean.*4

SDS-PAGE

Literature®***? approaches methods for detoxifying the
co-product from the production of castor oil. The methods
tested included autoclaving, steaming, fermentation,
ionizing radiation and boiling, and others. Between them,
it was shown that ricin could be efficiently inactivated
by fermentation and treatment with 0.6% calcium oxide
(Ca0), evaluated by cytotoxicity assays. According to
de Souza et al.,” the alkaline pH of CaO solution (around
12) affected the tertiary structure of ricin making the peptide
bond more flexible, denaturing the polypeptide chains and
eliminating its cytotoxic activity.

Figure 10 shows the protein profile of both extracts
ATE and HMWF that were compared between themselves
and with the purified ricin that appears around 32 and
34 kDa in order to confirm the absence of ricin in
HMWE. By these images (Figures 10a and 10b) we can
observe that ATE clearly has ricin. Furthermore, the ricin
could not be observed when HMWF was loaded with
10 pg protein per lane (Figure 10a); nevertheless, it was
present when 20 ug protein was applied to the gel matrix
(Figure 10b). This fact suggests that the quantity of ricin
was too low in gel (Figure 10a) to be sensible to the
analyses, which means that there was a decrease of the
ricin content by the ultrafiltration process applied to obtain

SAW M ATE HMWF

(a)
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40 kDa -

30 kiDa - . .
feLRs:
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40 kDa -

30 kDa -
20 kDa -
15 kDa -
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HMWE. This result has relevant importance as this is the
first work that concerns about using methods to diminish
ricin in the extract, decreasing environmental disturbances.

The ultrafiltration conserves a range from 3 to
50 kDa, as the protein ricin has from 62 to 66 kDa,
probably a part of this ricin was already in the subunit
form (32 and 34 kDa) when the extract passed by the
membranes, justifying its presence in the gel (Figure 10b).
Likely, one of the causes of this disaggregation was the
extraction process, made with boiling water that can cause
denaturation of the proteins.

Also, we can note that, as the loading was the same for
the two samples analyzed (ATE and HMWE, Figure 10),
the charge of protein with molecular weight below 15 kDa,
highlighted by the curly brackets, were significantly bigger
in the HMWF than the ATE (Figure 10a). This fact indicates
that proteins below 15 kDa were concentrated by the
ultrafiltration process and could be the ones responsible
for the inhibiting corrosion activity.

FTIR spectroscopy

FTIR spectra are illustrated in Figure 11.

Two significative absorption bands appear at 3433 and
3309 cm™ that could be related to the stretching vibration of
N-H or O-H groups. Bands around 2900 cm™ are indicative
of symmetrical (2927, 2957 cm™') and asymmetrical
(2856 cm™) vibrations for C-H groups. Furthermore, the
absorption bands at 1745, 1658 and 1544 cm™ could be
associated to different stretching vibrations such as C=C,
C=0 and N-H. Lastly, the absorption band at 1401 cm™'
might be related to C—H bending vibration.>%53 All these
results confirm the presence of protein in both extracts.

Thus, it can be stated that the natural inhibitors proposed
in this work protect the surface of the mild steel against the

SMW PR  ATE HMWF

Figure 10. Chemical characterization of ATE and HMWF concerning the ricin. SDS-PAGE (12%) of purified ricin and the extracts are carried out in
the gels (a) and (b). Lanes: SMW, standard molecular-weight marker; PR, purified ricin (2 and 4 pg protein (a) and 2 pg protein (b)); ATE, aqueous total
extract obtain from castor beans and HMWEF, high molecular weight fraction obtained by the ultrafiltration of the ATE. For both samples it was applied
to the lanes 10 pg protein (a) and 20 pg protein (b). All samples were treated with SDS and B-mercaptoethanol, and the gels were stained with Coomassie
Brilliant Blue. (a) The curly brackets highlight the proteins below 15 kDa; (b) the arrows show the proteins that are present in both ATE and HMWE.
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Figure 11. FTIR spectra (through a conventional KBr pellet technique)
of ATE and HWME.

corrosive activity of the acid medium. Many other natural
inhibitors have been tested and reported in the literature
as presented in Table 1. However, inhibitors from castor
beans stand out for efficiencies above 90% using low
concentrations (400 mg L' ATE and 200 mg L-' HMWF
showed IE of 95.8 and 93.7%, respectively).

It is important to emphasize that, although ATE has
given excellent results as a mild steel corrosion inhibitor
in acidic medium, we should not use it directly due to the
presence of ricin. The high molecular weight fraction,
which can be obtained from castor cake, a residue of castor
oil and biodiesel production, also presents excellent results
as corrosion inhibitor.

Conclusions

ATE and HMWF presented excellent inhibitory action
towards the mild steel corrosion in 1 M HCl solution. It was
shown that the macromolecules have special participation
in this process due to the high IE from HMWFE. It was also
observed that LMWF presented some inhibition, with IE
around 50% in all electrochemical tests, which could be
related to the existence of ricinoleic acid.

The Arrhenius plots demonstrated the chemical nature of
the bond between the molecules of ATE and the mild steel
surface. The inhibitor adsorption followed the Langmuir
isotherm model, which admits the formation of a monolayer
of the inhibitor molecules onto the metal surface.

The electrochemical impedance results indicated that
the inhibitory molecules in both ATE and HMWF adsorb
in the metal surface, modifying the electric double-layer
structure. ATE acts as a mixed type inhibitor like the
majority of organic compounds, where the screening effect
is added to the activation effect.
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The surface analyses showed that the aqueous castor
bean extract and its HMWF acted as a good corrosion
inhibitor, leaving the metal surface much less rough due to
the adsorption of molecules, which retarded the corrosive
process of the mild steel.

The chemical characterization indicated the presence of
proteins in both ATE and HMWF, predominating the ones
below 15 kDa in the last one. This hints the probability of
ricin having none or low influence in the corrosion inhibition
and that these proteins (< 15 kDa) could be responsible for
the inhibitory action towards the steel mild corrosion.
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